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Abstract
Many Canadians rely on surface water sources for drinking water, most of which is
disinfected with chlorine. Dissolved organic carbon (DOC) can react with chlorine to form potentially
carcinogenic disinfection by-products (DBPs). The concentration and composition of DOC influences
the type and amount of DBP formed.
Lake water varies widely in DOC concentration and composition as a result of the
surrounding landscape that influences the terrestrial load of DOC to lakes and the extent of in-lake
processing of DOC. Twenty-seven lakes of similar lake size but with varying catchment sizes over
several orders of magnitude created a unique opportunity to examine the influence of water renewal
rate on DOC composition and subsequent DBP formation during chlorination in the drinking water
treatment process.
DOC concentration of low order lakes was predictable from hydrologic water residence time
(WRT) values, but as larger catchments with higher order lakes were considered, the isotopic WRT
values explained more variance in DOC. However, WRT of an individual lake does not account for the
upstream processing of DOC that occurs throughout the entire catchment containing several
hydrologically connected lakes. The proportion of open water within the whole catchment (%OW) is
able to explain more variance in DOC than lake WRT. Additionally, novel cryptic wetland
(%CrWetland) data that identifies low-lying areas with the potential to generate DOC within the
catchment further improved the prediction of DOC concentration and composition.
Lakes in catchments with lower %OW and higher %CrWetland are more likely to contain
higher DOC concentrations and more allochthonous-like composition while those in catchments with
higher %OW and lower %CrWetland have a greater proportion of autochthonous-like DOC. The high
aromaticity and molecular weight of allochthonous-like DOC is related to high concentrations of DBPs
from chlorination. However, some lakes with more autochthonous-like DOC still produced DBP
ii

concentrations well over the guidelines for drinking water limits. Therefore, further research is
needed to identify precursors to DBP formation in order to efficiently disinfect surface lake water
sources while eliminating the risk of high DBP levels.
This thesis provides a mechanistic understanding of DOC concentration and composition
across a wide gradient of lake water residence times in relation to DBP formation during drinking
water treatment processes. As climate change continues to alter surface lake water DOC
concentration and composition, predicting DBP formation when surface lake water sources are
disinfected with chlorine is increasingly important.
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Chapter 1 Introduction
1.1.

The Role of Dissolved Organic Carbon in Terrestrial Ecosystems
Lakes are a critical component of global biogeochemical cycles as they act as carbon hot spots

that contribute to climate regulation (Sobek et al., 2006; Tranvik et al., 2018). Historically the role of
inland aquatic environments was only considered as riverine “pipes” that transport terrestrial
carbon to the ocean (Degens et al., 1991; Schlesinger and Melack, 1981). However, it is now
understood that lakes both emit and store a significant amount of carbon. The storage of carbon by
sedimentation in lakes compared to the ocean is disproportionately large considering they are able
to store 30-60% as much carbon in only 2% of the area of the ocean (Cole et al., 2007, Tranvik et al.,
2018). Lakes are able to store more carbon per unit area than oceans or terrestrial soils. Lakes are
therefore a critical component of the carbon cycle, both on global and regional scales. Boreal regions
are among the most abundant in lakes, making them particularly important carbon hotspots
(Verpoorter et al., 2014).
In-situ processing of carbon within lakes results in the degassing of carbon dioxide (CO2) and
methane to the atmosphere. Conversely, lakes also act as a carbon sink through sedimentation
processes (Bastviken et al., 2011; Cole, et al., 2007; Raymond et al., 2013; Mendonça et al., 2017, Hall
et al. 2018). Lake ecosystem structure and function are strongly regulated by dissolved organic
matter (DOM) (Solomon et al., 2015). DOM influences light and heat penetration that controls
metabolic rates and primary productivity (Fee et al., 1996), the habitability of organisms, and the
biogeochemistry of lakes (MacIntyre et al., 2006; Wüest and Lorke, 2003). DOM also acts as an energy
source at the base of the food web, which is largely dependent on its concentration and bioavailability
(del Giorgio and Peters ,1994; Pace et al., 2004). DOM that is consumed by heterotrophic bacteria will
either be incorporated into their cellular structures (Brett et al., 2009; Cole et al., 2011; Grey et al.,
2001; Karlsson et al., 2003; Matthews and Mazumder, 2006; Pace et al., 2004; Solomon et al., 2011)
1

or respired as CO2 and may outgas to the atmosphere (Hope et al., 1996; Sobek et al., 2003; Larsen et
al., 2011). DOM therefore plays a critical role in regulating lake carbon balance.
DOM is made up of thousands of different organic molecules of various sizes that contribute
to its differing reactivity and chemical composition (Xu and Guo, 2017). DOM is composed of
approximately fifty percent carbon (DOC) and also includes nitrogen, oxygen, and small fractions of
other elements (Moody and Worrall, 2017). DOC is operationally defined as the concentration of
dissolved organic carbon that passes through a filter of variable size (generally 0.45 µm) (Moore,
1998), and will hereinafter be referred to throughout this thesis. DOC composition can range from
low molecular weight (MW), simple amino acids and sugars, to high MW, complex fluvic and humic
acids (Creed et al., 2008; McKnight et al., 1985). As DOC contains carbon, nitrogen, sulphur, and
phosphorous, it is an important energy and nutrient source to primary producers in aquatic
ecosystems (Hobbie and Wetzel, 1992). DOC can complex with trace metals and contaminants, such
as iron and mercury, within the catchment and transport them to surrounding surface waters with
exposure to aquatic organisms (Driscoll et al., 1993; Thurman, 1995). DOC also absorbs sunlight
consequentially influencing lake primary productivity (Thrane, et al., 2014), warming water and
altering stratification, which may reduce the concentration of oxygen available for aquatic organisms
(Schindler and Curtis, 1997; Scully and Lean, 1994). Many components of lake ecosystems are
impacted by the concentration and chemical composition of DOC which are heavily related to the
regional climate and characteristics of the surrounding catchment.
There is a close relationship between climate, catchment characteristics, and the resulting
biogeochemistry of lakes, in particular DOC (Sobek et al., 2007; Kellerman et al., 2014). A large-scale
study conducted on 7500 lakes across the world showed a hierarchical regulation of lake water DOC
concentration, where large-scale characteristics are determined by climate and topography, and
individual lake DOC concentration is regulated by catchment and lake characteristics (Sobek et al.,
2007). The DOC concentration and composition of an individual lake is the net result of various
2

sources and processes defined by catchment characteristics that influence the terrestrial load and
the extent of in-situ processing by photodegradation, microbial decomposition, and sedimentation
(Creed et al., 2018; Koehler et al., 2014; Kothawala et al., 2014). In northern lakes the major fraction
of aquatic DOC is terrestrially derived, known as allochthonous carbon (Karlsson et al., 2012;
Wilkinson et al., 2013; Berggren et al., 2014). In-lake primary productivity also contributes to the
DOC pool, referred to as autochthonous carbon (Tranvik and Bertilsson, 2001). In-situ processes can
consume and transform DOC through microbial respiration, photo-degradation, and sedimentation
(Bertilsson and Tranvik, 2000; Cory et al., 2007; Koehler et al., 2012; von Wachenfeldt and Tranvik,
2008). Hence, quantifying DOC concentration and composition gives insight into conditions of the
surrounding catchment and in-lake processes (Creed et al., 2018; Williamson et al., 2008) that
influence the fate of carbon in freshwater systems.
Not only is DOC important in the function and productivity of lakes, but it also significantly
impacts drinking water quality of surface lake water sources through its reactivity with chlorine to
produce harmful disinfection by-products (DBPs) during disinfection (Ngwenya et al., 2013). A
mechanistic understanding of variables that drive changes in surface lake water DOC and its DBP
formation potential is important in order to ensure safe drinking water sources as climate change
continues to alter DOC characteristics. This is particularly true for smaller and remote communities
where drinking water chemicals and waste have to be transported long distances.
1.2.

Characterization of DOC: Quantity and Quality
The ability to characterize DOC quantity and quality gives insight into its source and

processing, which is important to researchers who aim to understand the functioning of aquatic
ecosystems, as well as the impacts that DOC has on the aquatic environments and drinking water
quality.
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Several different methods exist to characterize the chemical composition of DOC. Depending
on quality, DOC may be either more easily degraded by photolysis, or be more labile and available to
microbial communities, or be more difficult to remove during drinking water treatment. To better
understand its role in aquatic ecosystems and the carbon budget, the quantity and quality of DOC
must be quantified.
Surface water DOC sources are often broadly classified into two end members that have
distinctive reactivity and chemical characteristics: allochthonous (terrestrially derived) and
autochthonous (aquatic derived). However, it should be noted that these groups are largely
distinguished by the size of organic compounds and it is possible for aggregates of smaller organic
molecules to be categorized as larger substances. For this reason, autochthonous-like and
allochthonous-like carbon are more appropriate. Allochthonous-like carbon is recognised by its high
aromaticity (ring of carbons) and high MW compounds with a large proportion of humic substances
(Williams et al., 2019). This DOC is generally produced in a terrestrial environment by decaying plant
matter. Autochthonous-like DOC describes aliphatic (open chain of carbons), smaller MW, higher
proportion of polysaccharides and proteins, and less humic substances (Creed et al., 2018; Tranvik
and Bertilsson, 2001). These are produced in aquatic environments by microbes (algae,
heterotrophic bacteria, cyanobacteria, and fungi), aquatic plants, and some soil processes (Williams
et al., 2019). Within these broad classifications, DOC exists across a large spectrum of varying size,
composition, and photo- and bio- reactivity that influence their transformation and fate within the
environment (Coble et al., 1996; Weishaar et al., 2003; Williams et al., 2016; Yamashita et al., 2011).
A common method to characterize DOC uses ultraviolet (UV) and visible light absorption,
where ratios of absorbance between specific wavelengths are used to quantify the aromaticity or
molecular size (Hansen et al., 2016). Coloured DOC represents the aromatic portion of the visible
light wavelengths (Coble et al., 1990; Stubbins et al., 2008; Weishaar et al., 2003). However, these
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techniques only quantify the light-absorbing portion of DOC. It is therefore important to use a variety
of DOC characterizing methods to obtain a full understanding of DOC quality (Kawasaki et al., 2011).
Fluorescence spectroscopy is another optical technique used to identify variations in
fluorescing DOC. Optical variations in coloured DOC are quantified through the calculation of
fluorescence peaks and indices of corrected excitation-emission matrices (EEMs). This technique
provides information on the structure and degree of humification of DOC (McKnight et al., 2001; Hunt
and Ohno, 2007). Similar to the absorbance method, fluorescence spectrometry is limited to the
portions of DOC that fluoresce, leaving some components uncharacterized.
DOC can also be characterized based on different molecular size groupings using size
exclusion chromatography (Liquid Chromatography – Organic Carbon Detection (LC-OCD)). LC-OCD
separates DOC into different fractions based on their hydrodynamic radii that elute at different times
(Aukes et al., 2020; Huber et al., 2011). This technique divides DOC into size-based fractions from
largest to smallest: biopolymers (BP), humic substances (HS), building blocks (BB), low MW neutrals
(LMWN), and low MW organic acids (LMWA). The use of all three DOC characterization methods is
valuable in obtaining a more complete understanding of DOC composition.
1.3.

Drivers of DOC in Surface Lake Waters

1.3.1. Impact of Climate Change on DOC
As climate change continues to progress, the highest rates of change are expected to impact
Northern ecosystems (>45° latitude) (Hansen et al., 2006; Kirtman et al., 2013). Lakes have
experienced increased brownification over the past decades, often associated with increased
transport of allochthonous DOC (Houle et al., 2020; Roulet and Moore, 2006), that has been observed
in many regions in Canada (Couture et al., 2012; Imtiazy et al., 2020) and across the globe (Arvola et
al., 2010; Monteith et al., 2007). There are several proposed mechanisms to explain increasing DOC
concentrations, though it is likely a combination of multiple processes working at different scales
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over time (Futter et al., 2008; Meyer-Jacob et al., 2019). Decreases in sulphate atmospheric
deposition, as a result of clean air policies in North America and Europe (Clark et al., 2010; Keller et
al., 2008; Monteith et al., 2007), caused an increase in DOC solubility and mobilization from soils
(SanClements et al., 2018; Sawicka et al., 2017). Other studies have shown increasing air temperature
corresponding to greater number of snow-free days as a main driver of DOC concentration (Couture
et al., 2012; Reed et al., 2018) as microbial processes and decomposition are highly temperature
dependent (Freeman et al., 2001; Park and Matzner, 2003). Increased precipitation has also been
shown to enhance fluxes of allochthonous DOC to lakes (Couture et al., 2012) and is expected to be
an important driver of higher surface water DOC in Scandinavian countries (de Wit et al., 2016; de
Wit et al., 2018). High precipitation events increase DOC export due to a rise in water table that
intersects with the organic-rich upper soil horizons. Greater precipitation and higher DOC export
may be coupled with decreased lake water residence times and less in-lake processing, resulting in
further increases to lake DOC concentrations (Algesten et al., 2004; de Wit et al., 2018).
The fates of DOC in surface waters are ultimately connected with the hydrologic pathways of
the landscape and are affected by a changing climate. For instance, DOC export in Boreal Shield
catchments with a large proportion of wetlands may react differently depending on their location
and hydrologic regime of wetlands (Schiff et al., 1998). Increased precipitation may cause the water
table to rise above wetlands and dilute the export of DOC. Yet more isolated upland wetlands may
cause spikes in DOC export as they reconnect with stream channels. Thus, landcover characteristics
of a catchment are important to understand lake DOC, especially with a changing climate.
1.3.2. Impact of Catchment Morphometry and Landcover on DOC
The landcover, topography, and hydrology of a landscape influences the DOC loading to
surface waters (McGlynn and McDonnell, 2003; Inamdar and Mitchell, 2006; Ogawa et al., 2006). A
substantial amount of DOC generated from litter on the forest floor is adsorbed by mineral soils and
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respired to the atmosphere as CO2 by heterotrophs (Webster et al., 2008). Some areas, particularly
low-lying inundated soils, contribute heavily to the production of DOC through slow decomposition
rates (Winn et al., 2009). The landcover type associated with forested wetlands may also be of critical
importance in understanding DOC characteristics (Frost et al., 2006; Xenopoulos et al., 2003). The
hydrology of a system works two-fold by 1) controlling DOC export to lakes by transportation
through groundwater and streams, and 2) wetter soils have a higher rate of organic matter
accumulate to be available for export (Freeman et al., 2001). Catchment and landcover metrics are
useful in predictive models to explain variance in surface lake water DOC concentrations.
Average catchment slope is negatively correlated with lake water DOC concentrations due to
two main mechanisms (Rasmussen et al., 1989; Mulholland, 1997; Xenopoulos et al., 2003). First,
steep slopes result in more rapid water flow in deeper soil layers, transporting dissolved humic acids
and resulting in less contact time within the upper organic-rich horizons (D’Arcy and Carignan,
1997). Second, flat terrain with low slopes contains more waterlogged soils and wetlands, which are
consistently associated with higher stream and lake water DOC concentrations (Dillon and Molot,
1997b; Mulholland, 2003). Wetlands are also associated with DOC containing higher proportions of
humic, aromatic compounds with larger molecular weights (Frost et al., 2006; Kothawala et al., 2015;
Xenopoulos et al., 2003). The ability to accurately access the proportion of wetlands within
catchments is important to predict surface lake water DOC characteristics in Boreal Shield
landscapes.
Wetlands in forested areas are often underestimated in landcover classification from aerial
imagery (Creed et al., 2008; Winter, 1992). The current Ontario Landcover classifications are
generated from a 30 × 30 m pixel images, where the different physiographic and vegetative
environments are generalized as a single landcover classification (OMNRF, 2014). Thick forest
canopy coupled with low resolution imagery often disguises the wetland areas as forested.
Depending on the season and climate in a given year when the imagery was taken, some wetlands
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may appear as open water. However, Geographic Information System (GIS)-based techniques can
identify ‘cryptic wetlands’ from a digital elevation model (DEM) as areas of topographic depressions
and low proportional slope between 0-5% rise (Creed et al., 2003). These areas include visible
wetlands and sub-surface cryptic wetlands that are frequently inundated and contribute to DOC
production. For instance, the proportion of cryptic wetlands within well-studied catchments in three
regions across Ontario (IISD-ELA, Turkey Lakes Watershed, and Dorset Lakes area) were able to
explain 63% of the variation in stream DOC concentration (Creed et al., 2003). However, high
resolution imagery (i.e. 20 cm pixel resolution of 2017 Northwest Ontario Orthophotography) is
necessary in order to generate a detailed landcover classification. The use of landscape variables to
explain variation in DOC concentration and composition between surface lake waters is valuable to
allow researchers to understand the functioning of aquatic environments and the suitability of
surface lake water sources for drinking water.
1.3.3. Influence of In-Lake Processing on DOC
Surface lake water DOC quantity and quality is a result of the surrounding landscape that
influences the terrestrial load and the extent of in-lake processing that alters DOC (Creed et al., 2018;
Koehler et al., 2014; Kothawala et al., 2014). These processes are linked with lake water residence
time (WRT) since WRT influences the time available for in-lake processing on DOC, as well as the
amount of new DOC derived from autochthonous sources. Several studies have linked the net loss of
allochthonous-like DOC and preferential loss of coloured DOC, as well as the contribution of new
autochthonous-like DOC, to lakes with longer WRTs (Curtis and Schindler, 1997; Kraus et al., 2011;
Weyhenmeyer et al., 2012; Köhler et al., 2013). Longer lake WRTs also allow more time for DOC to
flocculate and contribute to sedimentation (Dillon and Molot, 1997a; von Wachenfeldt and Tranvik,
2008), as well as be consumed and respired by heterotrophic bacteria (Webster et al., 2008). Lake
WRT is therefore critical to understand the fate of DOC as part of the carbon cycle.
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The quality of DOC influences its bioavailability to microbial communities and its sensitivity
to photo-degradation. Allochthonous-like DOC is more sensitive to solar irradiation than
autochthonous-like (Creed et al., 2018) due to its photo-labile aromatic structures (Moran and Zepp,
1997; Vinebrooke and Leavitt, 1998; Wetzel et al., 1995). The absorption of light during photolysis
can either photo-transform DOC into smaller organic molecules (Bertilsson and Tranvik, 2000) or
photo-oxidize DOC into dissolved inorganic carbon (DIC), resulting in an increase in photo-resistant
aliphatic compounds (Moran and Zepp, 1997; Vinebrooke and Leavitt, 1998; Wetzel et al., 1995). DOC
that is photo-bleached has less capability to absorb light, and is identified with lower SUVA254 values
(Moran et al., 2000; Del Vecchio and Blough, 2002; Helms et al., 2014), and higher bioavailability to
bacteria and primary producers (Lindell et al., 1995). The DIC generated from these processes is a
major source of CO2 outgassing to the atmosphere (Bastviken et al., 2011; Cole, et al., 2007; Raymond
et al., 2013; Mendonça et al., 2017). Photo-degradation may account for up to 10% of mineralization
of DOC in lakes (Cory et al., 2014; Koehler et al., 2014). WRT is therefore a vital component of DOC
cycling within aquatic ecosystems, and must be accurately represented to predict the source, fate,
and characteristics of DOC that influence aquatic processes and drinking water quality.
1.4.

Methods to Represent the Extent of In-Lake Processing

1.4.1. Lake Water Residence Time
Two techniques to estimate lake WRT are based on either hydrologic or isotopic methods.
The commonly used hydrologic method assumes a hydrological steady-state water-mass balance
system, with assumed constant hydrologic fluxes and negligible volumetric changes to the system
(Brunskill and Schindler, 1971). The hydrology of the system can be simplified by assuming
groundwater flow is negligible in Boreal Shield lakes that are underlain by crystalline bedrock
(Brunskill and Schindler, 1971). The net atmospheric input of water entering a well-mixed lake is a
result of the inputs (inflow from the catchment and precipitation on the lake) minus the output
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(surface lake water evaporation and outflow). Lake WRT can then be calculated by dividing the lake
volume by the annual outflow.
Stable water isotopes can also be used to estimate lake WRT where lake water balance
parameters are determined from variances in the natural enrichment of heavy stable water isotopes
as evaporation ensues (Gat, 1995). The isotopic composition of oxygen (δ18O) and hydrogen (δ2H) of
surface lake water, in conjunction with lake bathymetric data and climatic data, can be used to
calculate water residence times of a lake at steady-state (Gibson et al., 2002). Evaporative water
losses favour the loss of lighter isotopes that results in an empirical fractionation dependent on the
extent of water inputs and outputs, including evaporation, of a lake. This method also assumes
hydrologic steady state, and assumes that the system is under constant atmospheric conditions and
that atmospheric moisture is in equilibrium with precipitation (Gibson et al., 2008; Gibson et al.,
2016).
These two methods are comparable to estimate water residency and associated changes in
DOC in headwater and small order lakes. A drawback to estimated lake WRT calculations for nonheadwater lakes is that in-lake processing also occurs in upstream lakes and these methods only
consider the volume of an individual lake (Kothawala et al., 2014). It is unusual to have bathymetric
data to calculate volumes for all lakes within a large catchment, and therefore other landscape
metrics are often used in lieu of lake WRT to represent the extent of in-lake processing on DOC
characteristics.
1.4.2. Landscape Metrics
The extent of in-lake processing impacts the quantity and quality of DOC that regulates light
attenuation and stratification which controls metabolic rates and primary productivity, the
distribution of organisms, and the biogeochemistry of lakes (Fee et al., 1996). Drinking water quality,
especially DBP formation potential, is impacted by the quantity and quality of DOC in surface lake
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waters. In order to represent in-lake processing that occurs within the entire catchment, researchers
often use landscape metrics such as drainage ratio (catchment area: individual lake surface area), the
percent of open water compared to catchment area (%OW), and the percentage of water in the
surrounding catchment (%Water) (Kothawala et al., 2014; Xenopoulos et al., 2003).
There is inconsistency in the success of using catchment morphometry to predict lake water
DOC concentrations. Some studies have found drainage ratio to be positively correlated with lake
water colour (associated with DOC) (Rasmussen et al., 1989), as well as account for differences in
lake water DOC concentrations in Boreal Shield lakes with small catchment areas relative to lake area
and having drainage ratios of <10 (Engstrom, 1987; Schindler, 1971). Conversely, other studies
conducted on lakes with large catchments and high drainage ratios did not observe drainage ratio to
be an important predictor of DOC (Houle et al., 1995; Xenopoulos et al., 2003). For instance,
Kothawala et al., (2014) found that DOC concentration and humic compounds were negatively
correlated with WRT and %Water in a large-scale Boreal lake survey. The %Water was found to be
the most significant predictor of DOC characteristics, likely due to its consideration of upstream
processing. These studies highlight the importance of upstream processing in DOC characteristics,
particularly in large watersheds. The percent of open water in the entire watershed should be
considered to properly access the extent of in-lake processing and its impact on aquatic ecosystems
and drinking water.
1.5.

DOC in Drinking Water
High levels of DOC in drinking water can cause an unpleasant odor, taste, and colour, as well

as contribute to the production of harmful DBPs when disinfected with chlorine. The ability to
characterize DOC quantity and quality gives insight into its source and processing, which is important
to researchers who aim to understand the functioning of aquatic ecosystems, as well as the impacts
that DOC has on the aquatic environments and drinking water quality. Depending on the quality, DOC

11

may be either more easily degraded by photolysis, or be more labile and available to microbial
communities, or be more difficult to remove during drinking water treatment. To fully understand
its role in aquatic ecosystems and the carbon budget, the quantity and quality of DOC must be
quantified.
DOC characteristics influence its amenability to removal through drinking water treatment
processes and its reactivity with chlorine. As ecosystems continue to undergo changes in response to
climate change, increased inputs of DOC into aquatic ecosystems are altering the suitability of surface
lake water source for drinking water purposes. High levels of DOC in drinking water can cause an
unpleasant odor, taste, and colour. It can also generate potentially harmful DBPs by reacting with
chlorine during the drinking water treatment process (Rook, 1977; van Leeuwen et al., 2005). Nearly
75% of Canadians rely on drinking water from surface lake water sources, where 96% is disinfected
with chlorine within the drinking water treatment plant (DWTP) (Statistics Canada, 2015). With
surface water sources being a vital resource, DOC characteristics and how they interact with drinking
water treatment processes is an important area of research.
1.5.1. Drinking Water Treatment Process
Drinking water treatment goes through several steps to remove DOC and harmful bacteria. If
DOC is not sufficiently removed, it can lead to the regrowth of microbes after the drinking water
treatment process, as DOC can act as a carbon and energy source for bacteria (Camper, 2004). Large
particles of organic matter settle out of the water column, but small negatively charged particles
remain suspended and repellant of each other. The coagulation step requires the addition of
chemicals, typically alum, to generate a positive charge and consequently neutralize the small
particles (van Leeuwen et al., 2005). The quantity of DOC removed depends on the dose, coagulant
type, and the pH of the water. Mathematical models were generated to predict the amount of alum
needed to most efficiently remove the organic matter, however autochthonous-like DOC is resistant
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to this process and therefore still results in the formation of DBPs (van Leeuwen et al., 2005). In the
next treatment tank, flocculation occurs where large paddles slowly mix the solution to encourage
the neutralized small particles to stick together and form flocs (Raeke et al., 2017). The flocs are
allowed to settle out of the solution before entering the filtration and disinfection steps. A disinfectant
(commonly chlorine) is added to the water to remove harmful pathogenic bacteria. DOC that persists
after the coagulation and flocculation steps then reacts with chlorine during disinfection to produce
potentially carcinogenic DBPs (Raeke et al., 2017; van Leeuwen et al., 2005). Studies have been
conducted to maximize the removal of DOC from drinking water in order to reduce the production of
DBPs and comply with regulations (Raeke et al., 2017). Unfortunately, concerning concentrations of
trihalomethanes were still observed under optimal coagulation conditions due to residual DOC that
is recalcitrant to removal. DWTPs face the challenge of efficiently disinfecting drinking water, while
also avoiding concerning levels of DBP formation (Health Canada, 1995).
1.5.2. Disinfection By-Products
Due to the chemical complexity and variability in DOC composition, there are over 700 known
DBPs, with new compounds still yet to be identified by researchers (Gonsior et al., 2019). There are
two classes of commonly tested for DBPs in drinking water: trihalomethanes (THMs) and halo-acidic
acids (HAAs) (Krasner et al., 1989). The four THMs are: chloroform, bromodichloromethane,
dibromochloromethane, and bromoform. The nine HAAs (termed HAA9) are: monochloroacetic acid,
dichloroacetic

acid,

bromochloroacetic

trichloroacetic
acid,

acid,

monobromoacetic

bromodichloroacetic

acid,

acid,

dibromoacetic

dibromochloroacetic

acid,

acid,
and

tribromochloroacetic acid. However, only the first five HAAs listed are tested for in drinking water
treatment plants (HAA5). The Canadian drinking water limits for THMs and HAA5s are THMs as 0.1
mg/L and HAA5s as 0.08 mg/L respectively (Health Canada, 2006; Health Canada 2008). These limits
are calculated by concentration sums of each group of DBPs, rather than the amount that each
individual component is generated based on molecular weight sums. It is therefore impossible to
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determine how much of each chemical compound is generated in relation to DOC based on reported
groups of HAA5s, HAA9s, and THMs.
Studies have identified DBPs to be carcinogenic or cause reproductive and developmental
complications in laboratory animals. Epidemiology studies have also advised that individuals who
are exposed to chlorinated waters may have an increased risk of cancer (Cantor et al., 1998; Waller
et al., 1998; King and Marrett, 1996; Pereira, 1996; Bove et al., 1995; Bull and Kopfler, 1991). It should
be noted that the DBPs tested for in regards to drinking water limits only account for a small portion
of all the known compounds, and therefore may be misleading in the safety of a given water source.
The concentration and chemical composition of DOC is positively related to the potential production
of DBPs during chlorination (Roberts et al., 2002).
1.5.3. Influence of DOC Quality on DBP Formation
The concentration and chemical composition of DOC is tightly linked to the formation
potential of DBPs when chlorine is the disinfectant (Roberts et al., 2002). Allochthonous-like DOC
was originally believed to be the principal organic precursor to DBP formation when disinfected with
chlorine (Rook, 1977; Reckhow et al., 1990). The humic and aromatic compounds associated with
allochthonous-like DOC are considered to be the principal organic precursors for DBP formation
when chlorine is used as the disinfectant (Golea et al., 2017; Lavonen et al., 2013; Reckhow et al.,
1990; Rook, 1977; Wang et al., 2017; Yang et al., 2015). In Boreal aquatic ecosystems, this type of
DOC is often the most abundant type of DOC encountered in surface waters (Karlsson et al., 2012;
Wilkinson et al., 2013; Berggren et al., 2014). However, autochthonous-like carbon has also been
shown to also produce high levels of DBPs (Gonsior et al., 2019). It is important to determine the
source of amenable and recalcitrant DOC in order to reduce the DBP levels in drinking water.
The molecular composition of DOC that is mobilized from the catchment under differing flow
conditions is related to the removal efficiency and DBP production during drinking water treatment
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processes (Raeke et al., 2017). Under high flow conditions, higher DOC concentration of higher
molecular weight and aromaticity is preferentially mobilized and is more effectively removed
through flocculation. Studies have consistently found that hydrophobic DOC of high molecular
weight, UV absorbance and colour was amenable to removal through coagulation and flocculation,
while DOM of smaller molecular weight and hydrophilic was recalcitrant to removal (Krzeminski et
al., 2019; Williams et al., 2019; van Leeuwen et al., 2005). However, with higher DOC concentrations,
larger doses of chemical coagulants are required, leading to more sludge production and reduced
filter run times (Eikebrokk et al., 2004). The concentration and chemical composition of DOC is
positively related to the potential production of DBPs during chlorination (Roberts et al., 2002).
Although autochthonous-like carbon is not considered the main precursor to DBP formation,
it has been shown to also produce high levels of DBPs, especially during algal blooms (Gonsior et al.,
2019). The lower MW, aliphatic compounds of autochthonous-like carbon are more recalcitrant to
removal in the drinking water treatment process (van Leeuwen, et al. 2005) and has been shown to
significantly contribute to DBP formation (Goslan et al., 2017; Liao et al., 2015; Tomlinson et al., 2016;
Yang et al., 2011). The organic precursors of algal-derived DOC may produce different DBPs such as
nitrogen-containing DBPs (Bond et al., 2011; Chuang et al., 2013), that are not commonly tested for,
some of which show higher toxicity (Mitch et al., 2003; Wagner et al., 2012). These lower MW
fractions are also typically responsible for bacterial regrowth in the drinking water distribution
network (Krzeminski et al., 2019). Drinking water treatment plants are therefore burdened with the
challenge to balance DOC removal efficiency and the disinfection of pathogenic microorganisms
while keeping DBP concentrations under acceptable drinking water limits.
Climate change and the brownification of lakes in Boreal regions linked to increases in DOC
concentrations and changes in DOC quality are not only a concern to the wellbeing of aquatic
organisms, but also to the viability of surface lake water as drinking water sources (Delpla et al., 2009;
Evans et al., 2005; Ritson et al., 2014; Weyhenmeyer et al., 2012; Williams et al., 2016). This research
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provides a mechanistic understanding of catchment and lake characteristics that produce DOC of
varying concentration and composition that is related to DBP formation potential.
1.6.

International Institute for Sustainable Development Experimental Lakes Area

Study Site
Research was conducted at the International Institute for Sustainable Development
Experimental Lakes Area (IISD-ELA), approximately 55 km southeast of Kenora, ON. This area was
chosen due to its abundance of undisturbed small Boreal Shield lakes, some of which have long term
chemistry datasets, making this natural laboratory of lakes an important reference site for
anthropogenic and climatic change. Climate data has been collected over the past several decades,
and many lakes have bathymetry and hydrology data. Some lakes have undergone whole-lake
physical or chemical manipulations to study environmental responses to change in order to address
large-scale research questions that could not be answered through laboratory experiments.
The chosen twenty-seven lakes are a mixture of headwater and high order lakes of similar
lake surface areas and widely varying catchment sizes, creating a unique opportunity to study the
influence of in-lake processing on DOC characteristics and subsequent DBP formation potential
across a gradient of water renewal rates. These lakes have similar geology, consisting mainly of
Precambrian granodiorite bedrock (Davies et al., 1967; Zoltai, 1965), and Boreal forest landcover
dominated by black spruce, trembling aspen, white birch, jack pine, balsam fir, and tamarack
(McCullough and Campbell, 1993). By holding certain variables constant (geology, climate, dominant
landcover), the drivers of DOC characteristics and their influence on drinking water quality can be
established across a range of water renewal rates.
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1.7.

Thesis Objectives
The overall goal of this thesis is to determine key catchment and lake characteristics that

regulate the quantity and quality of DOC in Boreal Shield surface lake waters in relation to their DBP
formation potential. This research is important as climate change continues to alter dynamic
environments that influence the export, source, and processing of lake water DOC.
To achieve this goal, the specific objectives of this thesis are to:
•

calculate catchment landscape metrics, including cryptic wetlands, for 27 Boreal Shield lakes
at IISD-ELA across a gradient of lake WRTs (Chapter 2);

•

compare lake WRT methods to determine the suitability of each method for estimating DOC
quantity and quality depending on lake order and catchment characteristics (Chapter 2); and

•

explain variation in DOC quantity and quality across lakes of varying catchment sizes and
characteristics with a focus on DBP formation potential (Chapter 3).
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Chapter 2 Effective Prediction of DOC Concentration in Boreal Shield
Lakes is Dependent on the Selection of Appropriate WRT Method and
Catchment Characteristics
2.1.

Abstract
Catchment-lake interactions drive lake structure and function through the extent of

terrestrial inputs of dissolved organic carbon (DOC) and the amount of in-lake processing that alters
DOC. Lake water residence time (WRT) and catchment landcover, particularly wetlands, are
commonly used to represent DOC sources and in-lake processes. Lake WRT can be estimated through
different methods of hydrological and isotopic approaches, yet little data exists comparing these
techniques. Landcover classification data often underrepresents the proportion of wetland cover
within forested catchments. There are inconsistent results of WRT and landcover data related to
surface lake water DOC concentrations among previous studies. Here we show how the relationship
between WRT and DOC quantity is influenced by lake order. Lake WRT values between the two
methods are more strongly correlated in lakes of small lake order. In catchments with many water
bodies, evaporation in upstream lakes increases the isotopic ratios of stable water isotopes which
accentuates the evaporative loss from the downstream lake and overestimates the WRT of the
individual lake. In catchments with more than one lake, upstream nutrient cycles alter DOC surface
lake water concentrations of water flowing into downstream lakes. In lower order lakes, DOC
concentration is more strongly correlated with estimates of hydrologic WRT. However, as lake order
increases, WRT calculated through isotopic methods is a stronger predictor of DOC concentration.
We show that catchment topography influences surface lake water DOC two-fold, by impacting the
production and mobilization of terrestrial DOC in low-lying areas, and by the extent in-lake
processing in lakes that are an extension of the steeply sloping surrounding terrain. The proportion
of cryptic wetlands within a catchment is positively correlated to surface lake water DOC
concentrations. Catchments with a larger proportion of low-lying areas have more saturated soils
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and a higher proportion of wetlands that contribute to DOC production. Conversely, catchments with
steeply sloping terrain are more likely to have more lakes and influence DOC through in-lake
processing. These lakes represent a multivariate gradient of processes that influence DOC in surface
lake waters across a broad spectrum of WRTs and landcover. We compile spatial catchment data for
twenty-seven IISD-ELA Boreal Shield lakes that are key to understanding catchment-lake
interactions that drive biogeochemical processing within lakes.
2.2.

Introduction
The interactions between terrestrial and aquatic systems are of key importance to

understanding the brownification of Canadian lakes over past decades (Couture et al., 2012; Houle et
al., 2020; Roulet and Moore, 2006). Increases in dissolved organic carbon (DOC) transport to lakes
encompasses a complex combination of various environmental and geochemical processes.
Regionally, lake water DOC concentration largely depends on catchment and lake characteristics that
react to climatic changes over time (Toming et al., 2020; Sobek et al., 2007). For instance, reduced
sulphate atmospheric deposition can decrease acidity and increase the solubility and mobilization of
DOC (Keller et al., 2008; Monteith et al., 2007; SanClements et al., 2012; Sawicka et al., 2017). Higher
lake water DOC concentrations in Eastern Canada result from increases in mean annual air
temperature that extend the snow-free period and increase microbial processing and decomposition
rates (Houle et al., 2020; Couture et al., 2012). Increased transport of DOC formed in the catchment,
termed allochthonous carbon, to surface lake waters via increased precipitation has been predicted
in Scandinavian countries (de Wit et al., 2016; de Wit et al., 2018). DOC generated in lakes via primary
productivity is known as autochthonous carbon (Tranvik and Bertilsson, 2001). Higher precipitation
may reduce in-lake processing of allochthonous DOC and the production of new autochthonous DOC
through decreased lake water residence times (WRTs) (Algesten et al., 2004; de Wit et al., 2018). As
climate change influences environmental and geochemical processes differently depending on the
landscape and lake structure in different regions (Seekell, et al., 2014), it is unknown how future
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climate change will impact Boreal Shield lakes. Catchment characteristics, such as catchment area
and low-lying areas, and lake morphometry that influence lake residence time, are important drivers
of changes in lake DOC.
Aerial imagery is commonly used to classify landcover, however, in heavily forested
landscapes, wetlands are often underestimated (Creed et al., 2008; Winter, 1992), leading to the use
of other proxies for wetland area. Catchment topography can be an indicator of lake water DOC
concentration, where average catchment slope is negatively correlated with DOC. Creed et al. (2003)
used areas of low slope to identify areas of visible wetlands and subsurface “cryptic” wetlands. Flat
topography is often coupled with thicker organic soil horizons (Rasmussen et al., 1989) and a higher
degree of waterlogged soils (D’Arcy and Carignan, 1997). These landscape characteristics lend
themselves to a greater proportion of wetlands, which has been shown to be an important predictor
of DOC in lakes regionally and between regions (Kortelanen, 1993; Sobek et al., 2007; Xenopoulos et
al., 2003). Differences in catchment landcover, particularly the proportion of wetlands, influence the
export of allochthonous DOC to surface lake water as they are an important source of DOC generation
(Dillion and Molot, 1997; Frost et al., 2006; McKnight et al. 1993; Mulholland, 2003; Schiff et al., 1998;
Williams et al., 2016; Xenopoulos and Schindler 2001). However, depending on the flow paths,
increased precipitation can have differing results on DOC export (Schiff et al., 1998). For most soil
types, precipitation causes a rise in the water table that intersects with the organic rich A horizon
and results in increased DOC. However, catchments with more wetland area may see a decrease in
DOC export as the water table rises above the wetland and reduces contact with the organic rich
layers. In this scenario, increased runoff may result in dilution and therefore lower lake water DOC
concentrations. It is also possible that isolated wetlands may reconnect to the stream channels to
temporarily increase the export of DOC (Schiff et al., 1998). Finally, increased runoff will decrease
lake WRT and thus reduce the time for in-lake processing of DOC.

20

Lake WRT affects in-lake DOC processing from various forms of degradation, including
photodegradation, microbial decomposition, and sedimentation, that alter DOC concentration and
composition, as well as the time for new autochthonous sources to contribute to the DOC pool
(Hanson et al., 2016; Krzeminski et al., 2019, Tranvik and Bertilsson, 2001). WRT is often used to
understand differences in lake water DOC characteristics (Kellerman et al., 2014), however various
methods of calculating lake WRT exist, with little data comparing these different techniques. Two
main lake WRT calculation methods depend on either hydrologic or isotopic measurements and their
sets of assumptions. The commonly used hydrologic method assumes a hydrological steady-state
water-mass balance system, where annual hydrologic fluxes are constant and volumetric changes are
negligible. The hydrologic method assumes that the net atmospheric input of water entering a
completely well-mixed lake is the result of input (precipitation in lake and inflow from catchment)
minus the output (evaporation and outflow), where the net volume change is zero (Brunskill and
Schindler, 1971). The WRT is calculated as lake volume divided by the annual outflow value.
Alternatively, lake water balance parameters are determined from differences in the natural
progression to more positive isotopic values as evaporative water losses favour the loss of lighter
isotopes and results in an empirical fractionation dependent on the water residence time in a lake
(Gat, 1995). This model assumes that a lake is at hydrologic steady state as either a throughflow
(inflow = evaporation + outflow) or a terminal lake (inflow = evaporation). It is assumed that the
atmospheric moisture is in equilibrium with precipitation during the evaporative season (Gibson et
al., 2008; Gibson et al., 2016). It is not well known how these methods compare, particularly in Boreal
Shield lakes.
The cool climate of Boreal forests makes for organic-rich soils due to low temperatures that
restrict microbial activity and a high input of organic matter from vegetation (Sobek et al., 2007).
These areas often experience high levels of saturated soils. As a result, higher DOC lakes are more
frequently found in this area, compared to other ecozones in North America. The influence of
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catchment characteristics and lake WRT on lake processes at the IISD-Experimental Lakes Area
(ELA) was introduced through the Lake Variation Climate Change Study (Campbell, 1993). Eight
lakes of similar lake surface area and with catchment areas varying over several orders of magnitude
were chosen to create a gradient of lake WRTs. Our research expands on this idea by including
nineteen more lakes and a detailed study of catchment characteristics that influence limnological
processes.
The objective of this chapter is to develop a database of landscape characteristics and
hydrology that are commonly used to assess lake water chemistry, including DOC, across a diverse
selection of 27 Boreal Shield IISD-ELA lakes to be used as reference material for future research
projects. This dataset may be used as the foundation to choose study lakes of certain characteristics,
and to understand the mechanisms that drive lake-catchment interactions, as lake water DOC is a
function of the extent of terrestrial inputs and the period of in-lake processing and primary
production. The specific objectives are to 1) compare differences in lake WRT calculation methods
between conventional hydrological measurements and surface lake water isotopes between lake
orders, and 2) compile landcover classification data and newly generated potential areas of DOC
generation data for each catchment. Accurate estimates of lake WRT, as well as areas that contribute
to DOC production, are important in order to access impacts of future climate change on the transport
and fate of DOC.
2.3.

Methods

2.3.1. Study Site and Data Sources
The Boreal Shield landscape was carved by glaciers that left many large depressions and
formed lakes in the bedrock dominated by Precambrian granodiorite. The surficial layer consists of
disjointed sandy-gravel till (Davies et al., 1967; Zoltai, 1965). Black spruce, trembling aspen, white
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birch, jack pine, balsam fir, and tamarack are the dominant vegetation in this region (McCullough and
Campbell, 1993).
Lakes were selected due to their accessibility, similar lake surface size, and widely varying
catchment sizes in order to evaluate the impact of lake WRT on lake processes (Figure 2.1). Lake
areas range from 4 - 59 ha with widely varying catchment sizes between 22 - 12015 ha. All study
lakes are throughflow lakes, meaning they have an outflow and are not terminal. We expanded on
the Lake Variation Climate Change Study (Campbell, 1993) to include 27 lakes and a more
comprehensive study of catchment characteristics that impact limnological processes including: lake
WRT, landcover, and potential DOC generation areas known as cryptic wetlands (%CrWetland). Most
chosen lakes follow a gradient of water renewal rate due to their varying catchment sizes (Figure
2.2), with the exception of a few lakes included due to their accessibility and interest in other ongoing
research projects.
Landcover classification and watershed data was obtained from the Ontario Flow Assessment
Tool (OFAT) through the Ontario Ministry of Natural Resources (OMNR) (Government of Ontario).
The OFAT uses Ontario Integrated Hydrology (OIH) 30 m resolution digital elevation model (DEM)
and water features data to generate watersheds (OMNF, 2019). This tool uses publicly available land
cover data through the Second Edition of the Ontario Land Cover Database consisting of Landsat-7
TM images classified into 29 land cover classes with 30 m resolution (OMNR, 2004; OMNRF, 2014).
The following landcover classifications were common in the study area: bedrock,
disturbance, coniferous treed, mixed treed, deciduous treed, sparce treed, bog, clear open water
(Table 2.5, Figure 2.10). These Boreal Shield catchments are dominated by a mixture of sparsely
treed, mixed (coniferous and deciduous) treed and coniferous treed areas that are amongst bedrock
and open water. Wetland, bog, deciduous treed, and disturbance contribute minimally to the overall
landcover of most catchments. In-field ground truthing showed many areas of bedrock and wetland
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do not appear in the landcover classification data. This is likely due to the thick forest canopy and
low-resolution images used for classification. Each pixel is a mixture of different physiographic and
vegetative conditions that is generalized as a single landcover classification (OMNRF, 2014). Aerial
imagery is just a snapshot of an everchanging environment, where some wetlands may appear as
open water depending on the season or climate in a given year. Individual lake surface areas were
calculated using ESRI-ArcGIS software. A 2m DEM created by the Ontario Ministry of Natural
Resources and Forestry - Provincial Mapping Unit in 2017 was used to generate %CrWetland areas
of IISD-ELA catchments in order to determine the proportion of each catchment that is low-lying and
has the potential to contribute to DOC generation (Table 2.2).
Average evaporation data from the open water season (April-August, 2010-2014) of Lake 626
and Lake 373 was 396.5 mm/yr (Spence et al., 2018) and was used in the hydrological lake WRT
calculations. These lakes are included in this research and have similar small lake surface area to
other study lakes, and would likely demonstrate comparable evaporation rates (Oswald and Rouse
2004; Rouse et al. 2005). The total average precipitation for 2017-2018 was 718.4 mm (IISD-ELA
database). Average temperature and humidity during 2017-2018 was 12°C and 64.9% for the open
water season (IISD-ELA database). Climatic data from these years was used to correlated with our
two sampling seasons for this study.
Bathymetric charts were available for most study lakes (Brunskill and Schindler 1971; IISDELA database). The advancement of technology has prompted some of these lakes to be re-mapped
to form a recent and detailed bathymetric database. However, three of the study lakes were without
any form of bathymetry data. During October of 2019, Lakes 438, 627, and 628 were mapped using
a Humminbird Helix 5 CHIRP G2 (Atkins and Venkiteswaran, 2020). Depth values were evaluated
using the ReefMaster 2.0 Software. This program allowed for an interactive assessment of depth
value accuracy and 3D bathymetric maps. A suite of values were calculated from the final map
product including lake volume. (Figure 2.3, Figure 2.4, Figure 2.5).
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Figure 2.1. Twenty-seven IISD-ELA study lakes with their corresponding watersheds. Catchment
areas range from 22-12015 ha, while lake areas range from 4-59 ha. Watersheds of first order lakes
are distinguished by a crosshatch pattern.
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Figure 2.2. Selection scheme for study lakes following concept of increasing water renewal rate
outlined by Campbell, P. (1993) in the Lake Variation Climate Change Study (LVCCS). Black points
represent all lakes in the IISD-ELA region (n=127), while labelled points are lakes selected for
analysis (n=27) and coloured by WRT calculated by the hydrologic method. The dashed line indicates
an increasing water renewal rate following the original eight LVCCS study lakes as lake surface area
remains similar and catchment area increases.
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Figure 2.3. Bathymetric map of Lake 438 (Atkins and Venkiteswaran, 2020).
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Figure 2.4. Bathymetric map of Lake 627 (Atkins and Venkiteswaran, 2020).
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Figure 2.5. Bathymetric map of Lake 628 (Atkins and Venkiteswaran, 2020).
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2.3.2. Derivation of Lake Water Residence Times
2.3.2.1.

Hydrological Method

Concept and Assumptions
The conventional hydrologic method to determine lake WRT assumes a hydrological steadystate water-mass balance system with constant hydrologic fluxes and negligible volumetric change
(input - output = 0), as well as a completely well-mixed lake. The amount of water reaching a given
lake is the sum of catchment inflows (precipitation, groundwater input, runoff, streams), while the
amount of water lost is the sum of catchment outflow (evaporation, transpiration, groundwater
outflow, surface water outflow) (Figure 2.6). Groundwater flow is assumed to be negligible as IISDELA Boreal Shield lakes are underlain by bedrock (Brunskill and Schindler, 1971). The lake WRT is
calculated by dividing the lake volume by the annual outflow.
Historical method
The historic IISD-ELA lake WRT calculation method simplifies the water-mass balance to
discount surface lake water evaporation, likely due to the difficulty in accurately quantifying it on
small lakes. The variables used in this method are: watershed area, lake volume, lake surface area,
maximum lake depth, and an estimated outflow value. A basin yield of 35% represents the proportion
of precipitation that falls on the catchment that is not removed by evapotranspiration and will enter
the lake as inflow (as calculated on Rawson Lake/ Lake 239) (Beaty and Lyng, 1989). The outflow
value obtained by multiplying the watershed area by the average annual precipitation and by the
assumed average annual basin yield (IISD-ELA database). The lake volume is then divided by the
estimated outflow value to calculate the theoretical WRT.
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Updated method
The hydrologic WRT calculation workflow was updated by combining the historical IISD-ELA
method with a more complete water mass-balance system (Brunskill and Schindler, 1971) for 27
IISD-ELA lakes (Table 2.1). We improved the lake WRT calculation method by including evaporation
data, and updated precipitation and bathymetric data, in order to better represent all components of
the water cycle contributing to lake water residency (Figure 2.6). Precipitation values specific to the
sample collection years of 2017 and 2018, and appropriate evaporation data from similar nearby
lakes, Lakes 626 and 373, were used (Spence et al., 2018). We use this evaporation data for all of our
study lakes across varying orders as Spence et al. (2018) determined there to be no significant
influence on evaporation when hydrologic connectivity of Lake 626 was manipulated from a fourth
order to a first order lake. Evaporation rates from a Boreal Shield lakes are more dependent on the
lake surface area than catchment size or lake volume (Oswald and Rouse 2004; Rouse et al. 2005).
Inflow was calculated by multiplying the average annual precipitation by the basin yield and
multiplying by the catchment area (1). To determine the net precipitation that remains in a lake, the
average evaporation rate for ice-off months (May-October) was subtracted from precipitation and
then multiplied by the lake surface area (2). By adding the previous two input calculations together
(inflow of water from the catchment + water entering the lake directly through precipitation), the
discharge is generated (3). The lake volume is divided by the discharge to obtain the lake WRT (4)
(Table 2.1).
The following steps are the basis for the hydrologic WRT method (Figure 2.6):
(1)
(2)
(3)
(4)

Inflow = (Precipitation * Basin Yield) * Catchment Area
Net Precipitation = (Precipitation - Evaporation) * Lake Surface Area
Discharge = Inflow + Net Precipitation
Water Residence Time = Volume / Discharge
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Figure 2.6. Schematic showing the main hydrologic processes that dictate the water balance for a
typical Boreal Shield throughflow lake. Groundwater flow is considered to be negligible due to
underlying Precambrian Shield bedrock.
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Table 2.1. Lake and catchment morphometry values used to calculate lake water residence time using the hydrologic method. Average
annual precipitation was 0.718 m/yr. Average lake water evaporation during ice-off months was 0.386 m/yr. The catchment yield is 35%
of precipitation, as calculated for Lake 239.
Lake
149

# of Lakes in
Catchment
1

Volume
(m3)
538,000

Catchment
Area (ha)
92.52

Surface
Area (ha)
29.72

Inflow
(m3/yr)
232,632

Lake Retention of
Precipitation (m3/yr)
98,798

Discharge
(m3/yr)
331,430

Residence
Time (yr)
1.62

221

2

189,100

49.59

10.01

124,689

33,282

157,971

1.20

222

1

600,000

185.67

19.96

466,849

66,339

533,187

1.13

223

3

1,950,800

242.64

31.48

610,094

104,631

714,725

2.73

224

2

3,004,064

97.65

30.08

245,531

99,994

345,525

8.69

225

1

47,100

16.56

4.84

41,638

16,080

57,718

0.82

226

1

958,448

106.38

20.45

267,482

67,984

335,466

2.86

239

1

5,712,829

397.97

59.00

1,003,170

196,099

1,199,270

4.76

260

2

1,975,971

173.34

36.65

435,846

121,833

557,679

3.54

303

1

150,023

54.90

11.25

138,041

37,395

175,436

0.86

304

1

114,826

22.14

4.03

55,669

13,387

69,056

1.66

373

1

2,941,000

79.29

30.62

199,367

101,789

301,156

9.77

375

2

2,695,982

218.54

25.52

549,447

84,812

634,259

4.25

377

4

2,466,000

1069.74

31.59

2,689,754

105,005

2,794,759

0.88

378

1

1,809,000

150.39

27.92

378,141

92,814

470,955

3.84

382

1

2128000

192.87

41.42

484,952

137,688

622,641

3.42
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Lake
429

# of Lakes in
Catchment
1

Volume
(m3)
821,140

Catchment
Area (ha)
63.09

Surface
Area (ha)
17.62

Inflow
(m3/yr)
158,634

Lake Retention of
Precipitation (m3/yr)
58,561

Discharge
(m3/yr)
217,194

Residence
Time (yr)
3.78

438

1

431,608

77.94

20.88

195,972

69,405

265,377

1.63

442

2

1,303,000

178.11

17.51

447,840

58,187

506,026

2.57

470

4

33,300

165.69

5.74

416,611

19,071

435,682

0.08

626

4

1,772,467

373.59

28.53

939,355

94,834

1,034,188

1.71

627

3

2,181,075

297.27

38.30

747,456

127,293

874,748

2.49

628

2

1,093,565

218.16

24.26

548,542

80,624

629,165

1.74

640

18

593,000

1184.31

20.75

2,977,829

68,956

3,046,785

0.20

658

1

546,473

43.20

10.04

108,622

33,356

141,978

3.85

659

6

1,160,236

1240.65

33.91

3,119,490

112,709

3,232,199

0.36

938

52

517,000

12015.36

22.14

30,211,421

73,593

30,285,015

0.02

164/
165

24

1,621,000

4926.60

44.98

12,387,443

149,505

12,536,948

0.13
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2.3.2.2.

Isotopic Method

Concept and Assumptions
The isotopic method to calculate lake WRT uses an isotopic mass balance of the stable
isotopes of oxygen (16O and

18O)

and hydrogen (1H and 2H) of lake water in conjunction with lake

bathymetric data and climatic data (Figure 2.7; Table A1) (Gibson et al., 2002). Isotopic ratios
(18O/16O and 2H/1H) are reported in standard δ notation relative to standard mean ocean water
(Coplen, 2011). It is assumed that lakes are in hydrologic steady state (δS) and the measured δ18O
value represents a well-mixed lake (Gat, 1995; Gonfiantini, 1986).
On a global scale, there is a strong linear relationship between δ2H and δ18O, known as the
global meteoric water line (GMWL), caused by the mass-dependent isotope fractionation during
evaporation and condensation processes of the water cycle (Craig, 1961). Evaporated water bodies
deviate from the GMWL as kinetic fractionation of δ18O and δ2H causes the isotopic ratio to increase
linearly as a function of evaporation/inflow (E/I) and hydraulic connectivity, known as the local
evaporation line (LEL) (Craig, 1961; Gibson and Edwards, 2002; Gibson et al., 2016). The intersection
point of these two lines indicates the estimated isotopic composition of local precipitation that mixes
with the lake (δP) (Gibson and Edwards, 2002). The initial δ18O value of lake water is close to the
input water source (assumed to be precipitation), and will progressively become more positive as
evaporation ensues through the extent of the water residency in a lake (Gibson et al., 2002).
Therefore, lakes with greater E/I ratios are associated with longer lake WRTs.
Sample Analysis
Water isotope samples were collected from 0.5 m depth in 15 mL Nalgene bottles without
head space. Samples were stored at room temperature and analysed within six months of collection.
Laser absorption spectrometry (LAS) with a Los Gatos Research (LGR) Liquid Water Isotope Analyser
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(LWIA), model T-LMIA-45-EP, was used to measure δ18O (± 0.2 ‰) and δ2H (± 0.8 ‰). Repeat
analysis was conducted every fifth sample to ensure measurement accuracy.
Calculations
Gibson et al. (2016) used a similar approach to calculate lake WRT from surface lake water
isotopes assuming that lake water balance parameters will be reflected in the increase in lake δ18O
values that follow well-known isotopic fractionation factors as isotopic ratios change throughout the
water cycle. The fraction of lake water lost to evaporation relative to inflow water (E/I ratio; Equation
1) was calculated using a similar outline as the R package eee2eye (Aukes and Venkiteswaran, 2020).
Defined parameters include δS, the source water inflow value (δI), average precipitation during
evaporative season (δP), average temperature (T) and relative humidity (h) during evaporative
season, as well as a seasonality value (k).
𝐸
𝐼

(𝛿 −𝛿 )

= 𝑚∗(𝛿𝐿 ∗ − 𝐼𝛿

𝐿)

(Equation 1)

An E/I value of 1 represents a terminal lake (no discharge), where values between 0 to <1
indicate various levels of throughflow. A sensitivity analysis of the influence of uncertainty in
variables on the calculation of lake WRT was conducted, where an uncertainty of +/- 1.6 years was
the maximum error (Table A2).
The k value (Table A1) can range from 0.5 indicating a highly seasonal climate, and 1 for a
non-seasonal climate (Gibson et al., 2016). However, there is no clear published method to evaluate
a given location’s seasonality. Hence, to determine an appropriate k value, it was assumed the
equator (0°, k=1) and north pole (90°N, k=0.5) to be the end members that represent non-seasonal
and seasonal climates, respectively. The latitude of IISD-ELA (46.65975°) is taken as a percent south
from the north pole. The estimated k value of the IISD-ELA study site is 0.74.
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(1) percent north = latitude / 90°
= 46.65975° / 90°
= 0.52
(2) k value = 1 - 0.5 * (percent north)
= 1 - 0.5 * (0.52)
= 0.74
The following steps demonstrate the theory of the water-mass and isotope-mass balance of a wellmixed throughflow lake (Figure 2.7; Table A1):
(1) Change of Volume = Inflow - Discharge - Evaporation
(2) Lake Isotopic Composition = Inflow Isotopic Composition - Discharge Isotopic Composition Evaporative Flux Isotopic Composition
(3) Fraction of Water Inputs Lost to Evaporation = Evaporation / Inflow
(4) Water Residence Time = ((Evaporation / Inflow) * Volume) / Evaporation Rate

Figure 2.7. Generalized isotopic mass balance schematic of hydrologic fluxes and their isotopic
composition for a typical well-mixed Boreal Shield throughflow lake under hydrologic steady state.
δ represents the isotopic composition. Atmospheric moisture is assumed to be in equilibrium with
precipitation during the evaporative season.

2.3.2.3.

Statistical Comparison of Water Residence Time Methods

A linear regression was conducted to evaluate the relationship between the two WRT
calculation methods using the lm() function in R 3.6.0 (R Core Team, 2019) (Figure 2.9a). A paired ttest was used to test the null hypothesis that the mean difference between the paired samples is zero.
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Both WRT datasets were not normally distributed, with outliers on the upper end of the values
(Shapiro-Wilk test, p-value < 0.05). The WRT values for both methods were square-root transformed
to obtain a normal distribution and reduce the influence of outliers to comply with assumptions of
the paired t-test (Shapiro-Wilk, p-value >0.05). Results of the paired t-test with square-root
transformed values are displayed using boxplots (Figure 2.9b).
2.3.3. Derivation of Potential DOC Generation Areas
Creed et al. (2003) developed a method to identify areas of flat slopes (<1-5°) from a digital
elevation model (DEM) to represent areas of potential DOC generation, termed “cryptic wetlands”.
Winn et al. (2009) determined that the areal proportion of 0-5% slope within the entire catchment
was the best predictor of DOC concentration in lakes. In the current study, we have generated areas
of proportionate slope between 0-5% rise for the 27 Boreal Shield IISD-ELA lakes and refer to them
as %CrWetland. These areas represent all low-lying areas, excluding bedrock and infrastructure, that
could potentially contribute to DOC generation through decomposition in saturated soils.
%CrWetland can be used to understand the amount and composition of DOC entering a lake.
ESRI-ArcMap 10.7.1 was used to generate the %CrWetland data from a DEM of the IISD-ELA
area. The fill tool (Spatial Analyst) was used to fill sinks in the DEM raster (Figure 2.8a). The slope
tool (Spatial Analyst) was used to generate the slope as percent rise from the DEM (Figure 2.8b). The
percent slope field was reclassified to clearly identify the 0-5% rise areas from those of >5% rise
(Figure 2.8c). To smooth the noise in the raster layer and reduce processing when polygonising, the
Majority Filter Tool (Spatial Analyst) was used to replace cells based on the majority of their
contiguous eight neighbouring cells. The Raster to Polygon Tool (Conversion) was used to generate
a polygon shapefile of the two slope classes. The polygon features containing 0-5% rise were
exported as a new layer. A large polygon was created around the entire IISD-ELA landscape and areas
of open water, disturbance, and bedrock were removed. This boundary polygon represented all
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possible areas of potential DOC generation. The polygon of 0-5% rise was clipped to the boundary
polygon to remove areas of low slope associated with lake surface areas, bedrock, and infrastructure
(Figure 2.8d). The 0-5% rise polygon was then clipped to each watershed and area was calculated.
Summary statistics of area was calculated to determine the proportion of each catchment that has
the potential to contribute to DOC generation (%CrWetland) (Table 2.2).

Figure 2.8. Schematic diagram showing progression of raw digital elevation model (DEM) to
proportional slope (% rise) and areas of potential DOC generation (0-5% rise). The outline of Lake
239 catchment is shown as reference. a) DEM raster with values in meters above sea level (MASL),
b) inclination of slope calculated as percent rise, c) slope raster reclassified as areas between 0-5%
rise and >5% rise, then converted to polygon features, d) 0-5% rise polygon feature clipped to
bounding box indicating all potential areas that may contribute to DOC generation, then clipped to
Lake 239 catchment to calculate area and percent of catchment area between 0-5% rise slope
(%CrWetland).
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Table 2.2. Calculated areas of cryptic wetland as percent of catchment.
Lake
149
221
222
223
224
225
226
239
260
303
304
373
375
377
378
382
429
438
442
470
626
627
628
640
658
659
938
164_165

0-5% Rise Area (ha)
9.52
6.14
34.55
35.18
9.31
1.58
16.85
72.46
26.25
5.47
2.98
8.67
25.56
135.97
21.83
35.14
7.98
12.27
31.31
23.18
46.94
38.95
32.71
272.51
3.89
154.03
1,713.60
832.15

Catchment Area (ha)
92.52
49.59
185.67
242.64
97.65
16.56
106.38
398.97
173.34
54.9
22.14
79.29
218.52
1,069.74
150.39
192.87
63.09
77.94
178.11
165.69
373.59
297.27
218.16
1,184.31
43.20
1,240.65
12,015.40
4,926.60

40

% Cryptic Wetland
10.29
12.38
18.61
14.50
9.53
9.53
15.84
18.16
15.14
9.96
13.45
10.94
11.70
12.71
14.52
18.22
12.64
15.74
17.58
13.99
12.57
13.10
14.99
23.01
9.00
12.41
14.26
16.89

2.4.

Results & Discussion

2.4.1. Interpretation of WRT values differs depending on calculation method and lake order
Table 2.3. Comparison of hydrologic and isotopic lake water residence time (WRT) values using
samples collected in 2017 and 2018. Lake 429 was not run for isotopic analysis and is therefore
exempt from isotopic WRT calculations.
Lake
149
221
222
223
224
225
226
239
260
303
304
373
375
377
378
382
429
438
442
470
626
627
628
640
658
659
938
165/165
Mean
Standard
Deviation

Lake Water Residence Time (yr)
Hydrologic Method
Isotopic Method
1.62
1.29
1.20
1.28
1.13
1.32
2.73
3.38
8.69
7.90
0.82
0.77
2.86
2.34
4.76
4.49
3.54
3.66
0.86
0.98
1.66
1.86
9.77
6.87
4.25
5.01
0.88
4.02
3.84
3.16
3.42
3.05
3.78
n/a
1.63
1.68
2.57
4.38
0.08
0.41
1.71
4.81
2.49
3.30
1.74
2.54
0.20
1.20
3.85
3.36
0.36
1.83
0.02
1.38
0.13
1.70
2.47
2.89
2.46
1.82
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Difference
0.33
0.08
0.19
0.65
0.79
0.05
0.52
0.27
0.12
0.12
2.9
0.2
0.76
3.14
0.68
0.37
n/a
0.05
1.81
0.33
3.1
0.81
0.8
1.00
0.49
1.47
1.36
1.57

Figure 2.9. Comparison of residence time calculated by two different methods: hydrology and
surface lake water isotopes. a) positive linear regression model displayed using square-root
transformed variables (line indicates linear regression), b) visual distribution of lake WRT values
where a paired t-test resulted in a statistical difference in means using square-root transformed
values.
Lake WRTs calculated using the hydrological method ranged between 0.02-9.77 years, with
a mean of 2.47 years and a standard deviation of 2.46 years (Table 2.3). The isotopic method resulted
in less variation of lake WRT values of 0.41-7.90 years, with a larger mean value of 2.89 years, and a
smaller standard deviation of 1.82 years (Table 2.3). The two methods were compared in a linear
regression model where both variables were square-root transformed prior to analysis (Figure 2.9a).
Linear regression results showed a strong positive linear relationship with an adjusted R 2 value of
0.68 and p-value of 8.18e-08. A boxplot and paired t-test were run to evaluate the differences in lake
WRT value distribution and mean values. The paired t-test of the square root transformed lake WRT
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datasets using a 95% confidence interval did not support the null hypothesis, indicating that the
difference between the means is statistically significant (p = 0.011).
Most lakes have similar residence time values from both methods (Figure 2.9b), except for
catchments with more than six lakes (Lakes 938, 164/165, and 640), hereinafter referred to as high
order lakes. These lakes are among the shortest lake WRTs in the hydrologic dataset yet have WRTs
nearer to the average of WRTs from the isotopic method. When these high order lakes were removed
from each dataset, leaving catchments with six or fewer lakes, the difference in mean WRTs between
the two methods was not statistically significant (paired t-test on square root transformed data, p =
0.075) (Figure A1).
The influence of upstream lakes in non-headwater systems is problematic to accurately
assess E/I ratios (Gat and Bowser, 1991). In a chain of hydrologically connected lakes there would
be upstream increases in the isotopic ratios of water flowing into the downstream study lake,
accentuating the evaporative loss from the lake of interest (larger E/I) (Bennet et al., 2008). The WRT
calculation method, as determined by Gibson et al. (2016), uses the surface area and volume of the
sampled lake, without considering catchment size. The combination of larger E/I ratios and omitted
catchment size, may result in an overestimation of WRT for lakes with several upstream water bodies
within their catchment. Stratification can also cause variations in isotopic values between layers,
however bi-annual turnover events minimize this effect in Boreal environments with WRTs greater
than one year (Gibson et al., 2002). This method provides an integrated approach of all processes in
the lake and upstream catchment (i.e. inflows), however does not use catchment area directly in the
calculation (Figure 2.7). This isotopic method may not be suitable to estimate WRT for high order
lakes. In order to address the WRT of upstream lakes that increase the isotopic ratios of water, the
volume and surface area of all upstream lakes would need to be considered in relation to the
precipitation and evaporation throughout the entire chain of lakes within the catchment. Future
research is needed to create an isotopic model that integrates evaporation, precipitation, and
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catchment area to incorporate all inputs. Alternatively, the hydrologic method takes into account
precipitation and evaporation on both the catchment and lake surfaces separately, to more explicitly
represent more components of the water cycle that influence lake WRT (Figure 2.6). In small
catchments where volume and surface area data are available for all lakes, these values may be
considered in the calculation to determine the water residency of the entire catchment that
contributes to nutrient cycling. The method in which common values, such as lake WRT, are
calculated is important to consider in order to effectively apply them to research questions.
Just as upstream evaporation increases the isotopic ratios of water, other nutrient cycles that
alter DOC concentration in surface lake waters, also occur in upstream lakes. When all lakes of widely
varying lake order are considered (lake order <= 52), surface lake water DOC concentrations are
more strongly correlated with WRT calculated using the isotopic method (linear regression analysis
R2 = 0.56; Pearson’s correlation coefficient = -0.76, p < 0.01) than the hydrological method (linear
regression analysis R2 = 0.34; Pearson’s correlation coefficient = -0.60, p < 0.01) (Table 2.4; Figure
A2, m-n). However, for lakes of first or second order, the hydrologic method is more strongly related
to DOC concentration that the isotopic method (Table 2.4; Figure A2, a-d). As lakes of higher order
are included in linear regression models, the isotopic method becomes a stronger predictor of DOC
concentration than the hydrologic method. The isotopic WRT method explains more variance in DOC
concentration among lakes as the increased E/I ratio incorporates upstream processes that influence
in-lake DOC processing, as described in Chapter 3.
For research on lakes of small order without catchment or hydrology data, the isotopic
method appears to be an adequate method to calculate lake WRT. Research projects that have access
to catchment data and are interested in studying lakes across a wide range of orders may benefit
form using the hydrologic WRT method to obtain a better assessment of the WRT in each individual
lake, without the influence of upstream lakes. However, in-lake processing of DOC in catchments with
several lakes may be underestimated by the hydrologic method. Other catchment variables used in
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replacement of or in conjunction with lake WRT are useful to fully depict the connectivity of lake to
catchment processes of the system.
Table 2.4. Linear regression and Pearson’s correlation statistics for relationships between DOC
concentration (logarithmically transformed) and WRT (square root transformed) for hydrologic and
isotopic methods depending on lake order. Pearson’s correlation p-values with an asterisk indicates
statistical significance compared to various levels of significance (* p < 0.1, ** p < 0.05, *** p < 0.01).
# of Lakes in

Method

Catchment
1

2

3

4

6

18

52

Linear regression

Pearson’s correlation

Adjusted R2

p-value

coefficient

Hydro

0.48

7.2e-03

-0.73**

Iso

0.42

1.4e-02

-0.69*

Hydro

0.66

1.5e-06

-0.82***

Iso

0.64

3.2e-06

-0.81***

Hydro

0.59

2.6e-06

-0.78***

Iso

0.62

1.3e-06

-0.80***

Hydro

0.47

1.7e-04

-0.71***

Iso

0.67

1.2e-06

-0.83***

Hydro

0.37

9.5e-04

-0.63***

Iso

0.62

3.0e-06

-0.80***

Hydro

0.44

2.0e-04

-0.68***

Iso

0.61

2.8e-06

-0.79***

Hydro

0.34

6.7e-05

-0.60***

Iso

0.56

5.1e-08

-0.76***
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2.4.2. Topography and landcover drive DOC concentrations across a gradient of lakes

Figure 2.10. Landcover classifications as percentage of whole catchment area related to each study
lake. Wetland area exceeds the 100% mark as it was presented separately from the OFAT landcover
classification data. Areas of potential DOC generation as percent of each catchment (% Cryptic
Wetland) are presented as the white line. Lakes are ordered by increasing DOC concentration and
indicated by the black line corresponding to the second y-axis.
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Figure 2.11. PCA of landcover types to show dispersion of landcover classifications in experimental catchments in relation to calculated
lake water residence times (WRT) by (a) hydrological and (b) isotopic methods. Lake 429 is displayed in grey (b) as it does not have a
calculated isotopic WRT.
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Table 2.5. Landcover classification as percent of catchment area. Ontario Land Cover Database uses Landsat-7 TM images classified to 30
m resolution pixels (OMNR, 2004; OMNRF, 2014).
Lake
149
221
222
223
224
225
226
239
260
303
304
373
375
377
378
382
429
438
442
470
626
627
628
640
658
659
938
164/165

Open
Water
32.13
23.46
11.96
27.38
35.81
29.21
19.25
15.18
27.56
20.53
18.19
38.71
25.93
22.97
18.57
21.49
27.92
26.82
21.56
13.57
29.16
27.01
19.21
16.16
23.23
23.05
27.18
19.30

Wetland

Bog

5.40
0.18
3.77
0.41
0.65
0
0
0
3.46
0
2.44
0
0
0.96
1.56
0.52
0
0
3.37
2.93
1.07
1.35
1.94
5.91
0
0.89
2.34
4.71

0
0
0
0
0
0
0
0
0.23
0
0
0
0
0.25
0.82
0
0
0
0.83
0
0.43
0
0
0.12
0
0.21
0.10
0.12

Sparse
Treed
3.57
22.91
27.13
10.68
9.24
11.14
20.26
35.49
21.64
26.60
62.91
18.93
17.83
15.83
22.38
19.24
25.78
38.48
38.50
38.00
27.65
31.52
35.21
24.95
57.34
17.42
28.28
29.70

Deciduous
Treed
0
0
0
0
0
0
0
0.15
0
0
0
0.77
1.89
9.00
1.68
0
1.14
0
0
0.84
0.19
0.24
0.33
0.31
0
8.02
1.31
1.28
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Mixed
Treed
47.54
3.45
10.31
4.66
1.59
0
15.84
17.87
39.08
8.28
13.52
21.71
31.68
34.18
32.87
16.86
16.37
10.13
16.60
17.31
19.95
21.04
23.22
20.56
7.50
32.41
25.35
27.37

Coniferous
Treed
14.25
50.18
48.92
55.67
49.35
54.62
33.42
25.68
6.19
20.70
3.86
9.90
11.85
8.49
12.97
40.90
27.57
12.76
10.14
17.42
14.42
12.16
11.67
18.06
10.89
9.75
12.64
18.25

Disturbance

Bedrock

0
0
0
0
0
0
0
2.50
2.30
23.77
1.52
7.97
9.53
8.23
9.86
0
0
8.55
9.87
12.81
4.26
3.13
4.16
19.72
0
7.42
1.47
0.67

2.50
0
1.67
1.61
4.01
5.03
11.23
2.76
3.00
0
0
1.87
1.16
0.97
0.85
1.52
1.21
3.26
2.49
0
3.93
4.90
6.20
0.11
1.04
1.51
3.62
3.25

We report %CrWetland for 27 IISD-ELA study catchments from 9.00-23.01% (Table 2.2).
Several ground-truthed large wetlands that were not identified in the landcover classifications were
captured by the %CrWetland data. There was a moderate positive relationship between surface lake
water DOC concentration and %CrWetland (Pearson’s correlation coefficient 0.53, p < 0.01), where
26.4% of the variation in DOC concentration was explained by %CrWetland (linear regression, p <
0.001).
Creed et al. (2008) identified cryptic wetlands in relation to DOC export to streams in three
regions across Ontario (IISD-ELA, Turkey Lakes Watershed, and Dorset Lakes Area). The proportion
of cryptic wetlands within all catchments explained 63% of the variation in DOC export in streams.
Wetland areas in three stream catchments around IISD-ELA Lake 239 (East, North East, and North
West inflows) were 19.23%, 34.27%, 12.59% respectively. A direct comparison of DOC
concentrations to those of Creed et al. (2008) is not possible here as our research focuses on surface
lake water DOC concentration, as opposed to DOC export to streams. However, we calculated the
%CrWetland for the Lake 239 East inflow catchment as 20.43%, very similar to the 19.23% from
Creed et al. (2008).
A principal component analysis was conducted to show the dispersion of landcover
classifications among the IISD-ELA study catchments (Figure 2.11). There are no clustered groupings
of lakes based on dominant landcover. Therefore, these multivariant gradient of lakes represent a
spectrum of processes that influence surface lake water DOC. %CrWetland, %Sparse Treed, and
%Wetlands show a positive correlation with each other. A positive relationship is expected between
%CrWetland and %Wetland, as areas of gently sloping topography are more likely to have inundated
soils of wetlands (D’Arcy and Carignan, 1997; Kortelanen, 1993; Rasmussen et al., 1989; Sobek et al.,
2007; Xenopoulos et al., 2003). %Sparse Treed is associated with these areas as waterlogged soils
are not conducive to tree growth. Also, areas that are more sparsely forested are more likely to
efficiently classify wetlands that may otherwise be covered by forest canopy (Creed et al., 2008;
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Winter, 1992). Lakes that plot closer to high %CrWetland are generally related to shorter lake WRTs
as they have a lower %OW, resulting in higher surface lake water DOC concentration (Figure 2.10;
Figure 2.11).
%OW shows a negative relationship to %CrWetland, %Wetlands, and %Sparse Treed. This is
likely a result of the glacial processes that formed the lakes and surrounding catchments, where the
lake morphometry should be an extension of the surrounding terrestrial environment (Heathcote et
al., 2015; Hutchinson, 1957). Areas that have steeper topography (less low-lying areas) are related
to increased lake area and lake depth (Häkanson and Peters, 1995; Hollister et al., 2011). Therefore,
catchments with steeper topography are more likely to have greater %OW and less %CrWetland. As
a result, lakes that plot closer to high %OW values and less %CrWetland are more related to longer
lake WRTs that have lower DOC concentrations (Figure 2.10; Figure 2.11).
The %Coniferous Treed shows a negative correlation with %Mixed Treed and %Deciduous
Treed, while %Sparse Treed shows no evident correlation to the other tree classifications.
%CrWetland and %OW also fail to show any correlation to the other forest classifications. Therefore,
the extent of low-lying areas and open water is not correlated to the dominant forest classification in
a given catchment. More detailed landcover classification is needed to better assess relationships
between landcover classifications.
Landcover is important to understand as it is intricately connected to the biogeochemistry
and function of lakes. The brownification of Canadian lakes over the last decades associated with
increased DOC transport has heightened the interest in understanding the link between catchment
characteristics and the biogeochemistry of lakes (Couture et al., 2012; Roulet and Moore, 2006),
particularly how DOC influences aquatic life (Berggren et al., 2015; Cole et al., 2017; Creed et al., 2018;
Koehler et al., 2014; Kothawala et al., 2014; Sobek et al., 2007; Tranvik et al., 2009; Tranvik and
Bertilsson, 2001; Xenopoulos et al., 2003) and drinking water quality (Awad et al., 2016; Rook, 1977;
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van Leeuwan et al., 2005). This newly generated %CrWetland data is valuable as it is positively
linearly correlated with surface lake water DOC concentration in Boreal Shield catchments (Figure
2.10, see Chapter 3). These areas may be used to help understand differences in surface lake water
DOC concentrations between lakes in this region, as well as the impacts that future climate change
will have on the transport and fate of DOC.
2.5.

Conclusion
Spatial catchment data including WRT calculation methods, landcover classifications,

%CrWetland, lake bathymetry and catchment morphometry data are presented here as a foundation
to aid in the selection of lakes and catchments for future IISD-ELA research projects. We outline
watershed characteristics and hydrology commonly used to predict lake water chemistry,
particularly dissolved organic carbon (DOC) concentration, across a diverse selection of lakes. The
selection of lakes for a research project should be built on the lake WRT and catchment
characteristics in order to properly account for how these factors manifest themselves in catchmentlake biogeochemical interactions.
Depending on lake order of study lakes and the spatial data available for a given research
area, either WRT calculation method may be suitable. The hydrologic method is best suited for
regions that have catchment area data and for lakes across a wide range of lake orders. This method
provides an estimate of individual lake WRT and does not account for upstream in-lake processing.
Conversely, the presented isotopic WRT method is likely to generate an adequate estimate of
individual lake WRT for first or low order lakes, and those where catchment area data is not available.
In catchments with several hydrologically connected lakes, evaporative loss in the downstream lake
of interest is accentuated by evaporative losses in upstream lakes that increase isotopic ratios. This
method provides an estimate of the WRT of all hydrologically connected water bodies within a
catchment.
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WRT is commonly used to understand lake water chemistry and in-lake processes,
particularly pertaining to DOC that influences the structure and functioning of lake biogeochemistry
and productivity. The hydrologic WRT method is more strongly correlated to surface lake water DOC
concentration for first and second order lakes, however as lakes of larger order are considered, the
isotopic method is better suited to predict DOC concentration. The method in which WRT is
calculated is important to consider as it may represent in-lake processing within a single lake, or in
all hydrologically connected lakes within a catchment.
Landcover and associated hydrology of catchments drives the production and mobilization
of organic matter into streams and lakes. Areas of low proportional slope (0-5% rise) that have the
potential to contribute to DOC generation, known as cryptic wetlands, show positive correlation with
surface lake water DOC concentration. This spatial data is novel to the IISD-ELA. The proportion of
cryptic wetlands is correlated to lower WRT lakes with less open water within their catchments.
Further research to produce new detailed landcover classifications using recent ortho-imagery is
recommended in order to accurately quantify the type of landcover associated with areas of potential
DOC generation.
This database is the foundation to understand lake-catchment interactions among a diverse
selection of Boreal Shield lakes. WRT and landcover, particularly those that have the potential to
contribute to DOC production, were the focus of this report as they govern the production, transport,
and extent of in-lake processing of DOC, which is elemental in biogeochemical processes that
influence aquatic life and drinking water safety. Catchment-lake interactions displayed in this
chapter lay the ground work for further research questions regarding the interactions between inlake DOC processing and its influence on DOC quality.

52

Chapter 3 Catchment characteristics predict dissolve organic carbon
composition that drives disinfection by-product formation potential in
Boreal Shield surface lake water
3.1.

Abstract
Many Canadians rely on surface lake water sources for drinking water, most of which are

disinfected with chlorine. These sources can vary widely in the concentration and composition of
dissolved organic carbon (DOC), which is regionally driven by catchment characteristics and
hydrology. DOC can react with chlorination during the drinking water treatment process to create
potentially carcinogenic disinfection by-products (DBPs). Higher molecular weight (MW) humic
substances (HS) are generally thought to be the main precursors to DBP formation, however recent
studies have identified high levels of DBPs generated with DOC consisting of lower MW
polysaccharides and proteins. To study the effects of catchment characteristics on DOC quantity and
quality in relation to DBP formation potential, a suite of twenty-seven Boreal Shield lakes at IISDExperimental Lakes Area were chosen with similar lake surface areas and widely varying catchment
areas, creating a gradient of water renewal rates. A multivariate approach was used to distinguish
the driving factors of DOC concentration and composition in relation to the subsequent formation
potential of DBPs. Pearson’s correlation and linear regression analyses showed that the percent of
open water in a catchment (%OW) was the greatest predictor of DOC quantity and quality, as it
represents the extent of in-situ processing that alters DOC concentration and composition. Results of
multiple linear regression analysis showed that DOC quality measurements, SUVA254 and %HS,
commonly used to indicate higher MW aromatic content, were the best predictor variables of DBP
production. Catchment variables %OW and %Wetland also showed strong predictive capability of
DBPs. These results demonstrate the ability for simple DOC quality measurements and landscape
metrics to predict the suitability of surface lake water as a drinking water source. This will become
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increasingly valuable as climate change continues to alter processes that drive differences in surface
lake water DOC.
3.2.

Introduction
Lakes play a crucial role in the global carbon cycle and provide clean drinking water to many

Canadians (Cole et al., 2007; Statistics Canada, 2015). Lakes outgas and store a significant amount of
carbon through in-lake microbial processes, photolysis and sedimentation (Battin et al., 2009; Cole
et al., 2007; Mendonça et al., 2017). The extent to which these processes alter the quantity and quality
of lake water dissolved organic carbon (DOC) depends on the time that water is retained within a
lake, known as lake water residence time (WRT). The quantity of terrestrial (allochthonous) carbon
received by a lake is largely a function of the surrounding catchment landscape and hydrology, both
of which may be altered by climate change (de Wit et al., 2016). It is important to understand how
catchment characteristics and in-lake processing of dissolved organic carbon (DOC) impact surface
lake water drinking sources in order to choose appropriate lakes and disinfection techniques, and
predict the impact of climate change on surface lake drinking water sources.
Many regions across North America and Northern Europe have experienced increased
brownification of surface lake water in the past decades due to increased transport of allochthonous
DOC (Houle et al., 2020; Roulet and Moore, 2006). Causes of brownification have been explained by
decreases in sulphate atmospheric deposition, which increases the solubility and mobilization of
DOC. It has also been attributed to warmer temperatures that have reduced the number of ice-free
days, allowing for higher decomposition rates and longer in-lake processing (Houle et al., 2020;
Couture et al., 2012). In areas where precipitation is expected to continue to increase, the transport
of allochthonous DOC to surface waters coupled with reduced lake water residence times (WRTs)
and reduced in-lake processing may continue to increase surface lake water DOC concentrations
(Algesten et al., 2004; de Wit et al., 2018). However, interactions of changes in precipitation with
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catchment landcover may alter expected outcomes, especially depending on wetland cover (Schiff et
al., 1998). In some regions the water table may rise above wetlands, causing a dilution in DOC export,
while more isolated wetlands may reconnect with stream channels and create a spike in DOC export.
With many factors influencing the way climate change reacts in different regions, it is unknown how
future climate changes will impact the complex relationship between terrestrial DOC transport and
the functioning of lake ecosystem structure (Berggren et al., 2015). Effects of future climate change
that increase surface lake water DOC concentration may threaten the safety of drinking water sources
and heighten treatment costs.
Almost three quarters of Canadians receive drinking water from surface water sources, 96%
of which is disinfected with chlorine at drinking water treatment plants (DWTPs) (Statistics Canada,
2015). The presence of DOC in drinking water can cause an unpleasant odor, taste, and dark colour.
Coagulation and flocculation processes are used prior to disinfection to remove DOC from drinking
water. The coagulant dose and form, as well as the temperature and pH of the treated water, are
critical to remove the maximum amount of DOC (van Leeuwan et al., 2005). However, residual DOC
can react with chlorine to generate harmful disinfection by-products (DBPs) (Rook, 1977; van
Leeuwen et al., 2005). DOC with low molecular weight (MW) hydrophilic fractions are more
recalcitrant to removal by coagulation/flocculation processes and can generate concerning
concentrations of DBPs over acceptable limits even under optimal temperature, pH, and coagulant
dose (van Leeuwan et al., 2005). The concentration of DOC and the proportion of HS are positively
related to the formation of DBPs during chlorination (Awad et al., 2016; Rook, 1977; Reckhow et al.,
1990). Trihalomethandes (THMs) and halo-acidic acids (HAAs) are the two major classes of DBPs
monitored in drinking water (Krasner et al., 1989). The Canadian drinking water limits for THMs and
HAA5s are THMs as 0.1 mg/L and HAA5s as 0.08 mg/L respectively (Health Canada, 2006; Health
Canada 2008). The practicality of DOC removal in DWTPs is that optimal conditions must be balanced
with the higher costs of increased coagulant dose, sludge production, and reduced filter run times
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(Eikebrokk et al., 2004). Therefore, the challenge lies in eliminating the risk of harmful levels of DBP
formation without compromising the disinfection of pathogenic microorganisms.
DBPs are a potential threat to any drinking water source where chlorine is the primary
disinfectant. Many Canadian provinces have experienced alarmingly high levels of DBPs where the
risk of cancer increases by exposure through ingestion, inhalation and dermal contact (Chowdhury,
et al., 2011). The United States also experiences concerning DBP levels, however they have lower DBP
limits of 0.08 mg/L for total THMs and 0.06 mg/L for HAA5s (U.S. EPA, 1994). Most of Europe has
adopted oxygen-based systems of ozone or hydrogen peroxide drinking water treatment systems
which eliminates the risk of DBP production (EPA, 2011). Not only do DWTPs often struggle to meet
the drinking water standards for THMs and HAAs, but individual households who disinfect surface
or well water with chlorine may have DBP levels well above acceptable limits. Recently First Nation
communities, including the Attawapiskat First Nation in the Kenora district of northwestern Ontario,
and the Eabametoong First Nation north of Thunder Bay, have declared a state of emergency over
DBPs in water that were more than double the acceptable limits (Barrera, 2019a, 2019b). Small
communities are often without the necessary funds to upgrade drinking water treatment facilities to
combat poor drinking water quality. The community of Tottenham in southern Ontario is also
experiencing concerningly high concentrations of DBPs in their drinking water (The Town of New
Tecumseth, 2019). Although plans to mitigate DBP levels are under investigation, improvements in
drinking water quality are an expensive and lengthy process, leaving individual households
responsible to install costly home treatment systems if they can afford. It is important to understand
the mechanisms driving changes in surface lake water DOC and its relationship to DBP formation in
order to address future climate changes that will alter these processes and threaten the safety of
drinking water.
The concentration and chemical composition of DOC influences key processes within aquatic
environments (Cole et al., 2017; Tranvik et al., 2009). DOC is composed of thousands of different
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organic molecules of varying sizes, operationally defined as smaller than 0.45 µm that have differing
reactivity and chemical composition (Xu and Gou, 2017). DOC acts as an energy and nutrient source
for heterotrophic bacteria, affects the mobility and toxicity of metals, protects organisms from
harmful UV radiation, and absorbs sunlight within the water column (Berggren et al., 2015; Sobek et
al., 2007; Xenopoulos et al., 2003). In a review, the global range of surface lake water DOC
concentration (0.0002 to 27.0 mg/L (Toming et al., 2020) is determined by the climate, topography,
and hydrology, while at a regional scale it largely depends on catchment and lake characteristics
(Toming et al., 2020; Sobek et al., 2007). DOC concentrations in Northern Canadian Territories have
been measured to be upwards of 50 mg/L (Schiff, unpublished data). The resulting DOC
concentration and composition of an individual lake are products of catchment characteristics that
influence the terrestrial load and the extent of photodegradation, microbial decomposition, and
sedimentation (Figure 3.1) (Creed et al., 2018; Koehler et al., 2014; Kothawala et al., 2014). These
DOC altering processes will be hereinafter referred to as in-lake processing. Primary productivity can
also contribute to DOC, known as autochthonous carbon (Tranvik and Bertilsson, 2001).
Allochthonous carbon is generally considered to be of higher MW, aromaticity, and contain a greater
proportion of humic substances (HS) than autochthonous carbon (Creed et al., 2018; Koehler et al.,
2014; Kothawala et al., 2014). The degree of in-lake processing alters the quality of DOC, commonly
shifting it towards lower MW and fewer aromatic humic compounds.
The main source of DOC in Boreal Shield oligotrophic lakes is from the surrounding terrestrial
environment (Parker et al., 2008; Adrian et al., 2009). The landcover and hydrology of a catchment
governs the concentration of allochthonous DOC entering a lake, with the proportion of wetlands
often being a major factor (Dillion and Molot, 1997; Frost et al., 2006; Mulholland, 2003; Schiff et al.,
1998; Williams et al., 2016). Several studies have linked DOC quality of higher proportion of humics
and aromatic substances that are of a higher MW with greater wetland area (Frost et al., 2006;
Kothawala et al., 2015; Xenopoulos et al., 2003). As a proxy for wetland cover some studies use
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average slope, as watersheds with flat terrain are expected to have more wetlands than those with
high relief (Rasmussen et al., 1989; Xenopoulos et al., 2003). In order to acquire a more accurate
representation of areas of potential DOC generation, Creed et al. (2003) developed a method to
predict DOC export to streams and lakes in the Turkey Lakes Watershed of the Algoma Highlands of
central Ontario, based on the identification of topographic depressions and low relief slopes (<1-5°)
through a digital elevation model (DEM). These areas include visible wetlands and subsurface
“cryptic” wetlands. In the current study we refer to these low-lying areas of potential DOC generation
as %CrWetland. Studies involving cryptic wetlands largely focus on DOC concentration, but fail to
address the relationship between potential DOC generation areas and DOC quality. Mechanisms that
control DOC and how they relate to the landscape are important to understand, as both DOC quantity
and quality impact safe surface drinking water sources.
Schindler (1971) set the foundation of DOC-watershed relationships when he observed the
colour of small headwater lakes to be a function of drainage ratio (catchment area: lake area) and
lake volume as a result of terrestrial export of allochthonous carbon and lake water residency
(Schindler et al., 1992). A tight correlation between DOC concentration and drainage ratio was shown
for first and second order lakes (Curtis, 1991). Rasmussen et al. (1989) expanded this research to
other catchment variables where slope, lake size, and lake depth were significantly correlated to DOC
concentration. This research recognized that upstream processing has a negative contribution to
water colour for non-headwater lakes. Studies conducted on lakes of varying order that include large
drainage ratios demonstrate that as lake order increase the explanatory power of drainage ratio to
predict lake DOC concentration declines (Houle et al., 1995; Xenopoulos et al., 2003).
Lake WRT is often described as a major driving factor of DOC concentration, as it indicates
the amount of time available for DOC to be lost or transformed through in-lake processes (Hanson et
al., 2011; Krzeminski et al., 2019). DOC is lost in the water column through photo-oxidation, microbial
degradation, and sedimentation (Figure 3.1). Microbial consumption of allochthonous carbon by
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heterotrophic bacteria results in the mineralization of organic material and production of carbon
dioxide (Köhler et al., 2002). Photo-oxidation decreases surface lake water DOC concentration
(Kohler et al., 2002; Molot et al., 2005; Zhang et al., 2010) and results in the production of low MW
carboxylic acids and dissolved inorganic carbon (DIC) compounds (Bertilsson and Tranvik, 2000). A
large-scale Boreal lake survey found that DOC concentrations as well as the humic-like components
of DOC significantly decreased with longer WRT and greater %Water (proportional percent of water
upstream within a watershed) (Kothawala et al., 2014). Variables such as %Water aim to reflect the
extent of in-lake processing within the entire watershed that is lacking in drainage ratio and WRT
calculations. It is important to consider in-lake processing of DOC that happens in lakes throughout
the entire watershed, particularly for small lakes with large headwater lakes. To address differences
in DOC characteristics among lakes of varying lake and catchment morphometry, the percent of open
water (%OW) in the entire catchment is more suitable than lake WRT of an individual lake, as it
accounts for in-situ processing in all lakes of a given catchment.
The goal of this research is to develop a process that will assist in delineating drinking surface
drinking water sources on the landscape that are of lowest risk to disinfection by-product formation
potential during chlorination to reduce the risk of potentially carcinogenic DBPs in drinking water
and cut the overall cost of drinking water treatment. The specific objectives of this study are to use
stepwise multiple linear regression (MLR) models to 1) identify the main catchment and lake
characteristics that influence DOC quantity and quality in Boreal Shield lakes across a wide range of
lake WRTs, and to 2) determine key DOC and catchment characteristics that are related to the
production of DBPs in different source waters. The application of catchment characteristics as drivers
of DOC quality, and the large amount of DOC quality metrics used in relation to DBP formation
potential is novel to research in Boreal Shield lakes of northwestern Ontario. By studying the effects
that catchment characteristics and in-lake processing have on DOC, the impacts of future climatic
changes can be assessed in relation to the suitability of surface drinking water sources.
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Figure 3.1. Schematic showing the main in-lake processing of carbon in a typical oligotrophic Boreal Shield lake. Thermal layers of lake
stratification and associated oxygen regime are not included.

60

3.3.

Methods

3.3.1. Study Site & Sampling
The IISD Experimental Lakes Area (ELA) is located in northwestern Ontario, approximately
55 km southeast of Kenora, ON. This natural laboratory includes 58 lakes, some of which have long
term monitoring data acting as important reference data for anthropogenic and climatic impacts.
IISD-ELA lakes are located on the Boreal Shield of Ontario, where the geology consists mostly of
Precambrian granodiorite bedrock with a disjointed surficial layer of sandy-gravel till (Davies et al.,
1967; Zoltai, 1965). The dominant vegetation in this region of the Boreal forest consists of black
spruce, trembling aspen, white birch, jack pine, balsam fir, and tamarack (McCullough and Campbell,
1993). The average annual precipitation is 718 mm/year (for 2017 and 2018), with an average
surface lake water evaporation rate of 386 mm/year during the open water season between May and
October (Spence et al., 2018). The average temperature during the open water season is 12°C and a
relative humidity of 69% (IISD-ELA database).
Twenty-seven lakes of similar lake surface area and varying catchment sizes were selected to
evaluate the impact of in-lake lake processing on surface lake water DOC quantity and quality across
a gradient of water renewal rates (Figure 3.2). The lake surface areas of sampled lakes range between
4-59 ha and their catchment area ranges from 0.22-120 km2. The resulting lake WRT gradient spans
0.017-9.77 years (Chapter 2). The catchments vary from containing a single lake (1st order) to 52
lakes (> 1st order), with the percentage of open water in the catchments spanning 12.0-38.7%.
Landcover classification data was obtained from the Ontario Flow Assessment Tool (OFAT),
generated by the Ontario Ministry of Natural Resources (OMNR) (Government of Ontario). Landcover
is represented as percent of catchment area. For a complete list of landcover classifications see
Chapter 2. These lakes create a unique opportunity to explore the effects of in-lake processing time
on surface lake water DOC.
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To avoid impacts of spring snow melt and heavy precipitation, samples were collected
between mid-July to early September of 2017 and 2018. Surface lake water samples at a depth of 0.25
m were collected in duplicate 40 mL glass vials that were pre-rinsed with filtered water using a 60
mL syringe and a 0.45 μm syringe-tip Whatman membrane filter prior to collection. Surface water
samples were collected in 1-2 L Nalgene HDPE bottles, pre-rinsed with lake water. Water was filtered
in laboratory using 0.45 μm Whatman membrane filters and returned to the Nalgene rinsed with
both deionized water and filtered sample. Samples were stored in a cool (<4°C) and dark fridge until
analysis at the Environmental Geochemistry laboratory of the University of Waterloo. 15 mL Nalgene
HDPE containers were used to collect surface water samples for water isotopes and stored at room
temperature.
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Figure 3.2. Twenty-seven IISD-ELA study lakes with their corresponding watersheds. Catchment
areas range from 22-12015 ha, while lake areas range from 4-59 ha. Watersheds of first order lakes
are distinguished by a crosshatch pattern.

63

3.3.2. Laboratory Analyses
3.3.2.1.

DOC Concentration and Composition

Dissolved organic matter (DOM) is a complex suite of compounds. It is approximately fifty
percent carbon (DOC) by mass and includes nitrogen, oxygen, hydrogen, and small amounts of other
elements (Moody and Worrall, 2017). The concentration of the carbon fraction of DOM is measured
as DOC and will hereinafter be referred to throughout this paper. In this research, the size of DOC is
operationally defined as the concentration that passes through a 0.45 μm filter. DOC concentrations
were measured in mg C/L using a Shimadzu Total Organic Carbon Combustion Analyzer with TNM1 module. The precision is +/-0.2 mg C/L on duplicates.
To quantify DOC quality, a suite of absorbance, fluorescence, and size Liquid Chromatography
- Organic Carbon Detection (LC-OCD) measurements were used to evaluate the molecular size and
reactivity of DOC. Absorbance and fluorescence techniques are optical measurements, while LC-OCD
separates DOC into groups based on its molecular size. Quality parameters such as HS, HIX, and
SUVA254 are often used to indicate the extent of humic, aromatic, and higher MW carbon (Table 3.1,
Table 3.2). Measurements such as BP, Sr, and BIX represent lower molecular weight, less aromatic,
carbon produced by autotrophs. Although DOC exists on a large spectrum of composition, these two
groups are referred to as allochthonous and autochthonous. Here, we will refer to these as
allochthonous-like and autochthonous-like, as we cannot exclude the possibility that aggregates of
smaller autotrophic-derived organic molecules are disguised as larger terrestrial humic substances.
Coloured dissolved organic matter (CDOM) is the aromatic portion of DOM and only a fraction
of this matter fluoresces (FDOM) (Coble et al., 1990; Stubbins et al., 2008; Weishaar et al., 2003).
Absorbance values of CDOM were measured to identify optical differences in DOC (Table 3.1). A Cary
100 UV-VIS Spectrophotometer was used to measure the absorbance at 5 nm increments from
wavelengths 200-800 nm with a 1 cm quartz cuvette. Nanopure water was used to zero the machine
64

to correct for baseline drift the machine, as well as run repeatedly between samples to prevent
contamination. Each sample was run in duplicate and the average was taken between the two trials.
This data was used to calculate a suite of absorbance parameters used to infer differences in CDOM
quality: SUVA254, E2.E3, SAC350, SAC420, True Colour, S275-295, S350-400, Sr, Abs420, and True Colour (Table
3.1). Fluorescence spectroscopy was also used to identify optical variation in CDOM through the
calculation of fluorescence peaks and indices using corrected excitation-emission matrices (EEMs).
EEMs were measured in a 1 cm quartz cuvette with a RF5301 PC Shimadzu fluorescence
spectrophotometer. Excitation wavelengths were measured from 250-500 nm and emission
wavelengths from 300-600 nm, both in 5 nm increments. Nanopure water was used to standardize
EEMs to Raman units and correct for inner-filter effects. The following optical indices were calculated
for analyses: BIX, FI, HIX, A:T ratio, C:A ratio, C:M ratio, and C:T ratio (Table 3.1).
Further analyses of DOC quality was conducted using LC-OCD. LC-OCD separates DOC into
major fractions based on their molecular size and chemical function along a size-exclusion column
(Toyopearl HW-50S, Tosoh Bioscience) that elutes DOC based on hydrodynamic raii (Aukes et al.,
2020; Huber et al., 2011). Ordered from largest to smallest, the fractions are: biopolymers (BP),
humic substances (HS), building blocks (BB), low molecular weight neutrals (LMWN), low molecular
weight organic acids (LMWA) (Table 3.2). As most components of DOC are hydrophilic, fraction
percentages were normalized by the sum of the total hydrophilic fraction (Aukes et al., 2020). The
precision is +/- 0.09 mg C/L on duplicates.
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Table 3.1. Optical properties of absorbance and florescence measurements of DOM composition used in this study. (Modelled after Hansen
et al., 2016 & Hansen et al., 2018)
Measurement

Calculation

Specific UV absorbance at
254nm (SUVA254)
[L / (mg x m)]

Absorbance coefficient at 254 nm /
DOC concentration

Absorbance ratio E2:E3

Absorbance 250nm / absorbance
375nm
(2.303 x Absorbance at 340nm) x path
length (cm-1) x 1000 cm3/(DOC)

Molecular weight and aromaticity

Absorbance at 240 nm / DOC
concentration

Amount of colour-absorbing DOC normalized
to DOC concentration

Aukes & Schiff, 2020

Nonlinear fit of exponential function to
absorbance spectrum
S275-295 / S350-400

Higher values indicate lower molecular weight
material and/or decreasing aromaticity
Negatively correlated to DOC MW and increase
in irradiation
Comparison of water ‘darkness’

Blough & Del Vecchio., 2002;
Helms et al., 2008
Helms et al., 2008

Measure of ‘water colour’

Vinogradoff & Oliver, 2015

Specific absorbance
coefficient at 350 nm
(SAC350)
[(cm2 / mg C) / 1000]
Specific absorbance
coefficient at 420 nm
(SAC420)
[L / (mg x m)]
Spectral slopes (S275-295, S350400) (nm-1)
Spectral slope ratio (SR) S275295 (nm-1): S350-400 (nm-1)
Abs420
(cm-1)
True Colour
[HU (mg Pt/L)]

Purpose
Absorbance
Absorbance per unit carbon. Higher associated
with greater aromatic content.

Absorbance at 420 nm

Amount of aromatic DOC content

(Path length / absorbance at 400 nm) *
1106.848
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Reference
Weishaar et al., 2003

Dahlén et al., 1996; Helms et
al., 2008
Curtis & Schindler., 1997

Aukes & Schiff, 2020

Measurement

Calculation

Specific fluorescence
at Peak A

Fluorescence at excitation 260nm,
emission 450 nm divided by DOC
concentration
Fluorescence at excitation 340 nm,
emission 440 nm divided by DOC
concentration
Fluorescence at excitation 300nm,
emission 390 nm divided by DOC
concentration
Fluorescence at excitation 275 nm,
emission 340 nm divided by DOC
concentration
Fluorescence at excitation 275nm,
emission 310 nm divided by DOC
concentration

Specific fluorescence
at Peak C
Specific fluorescence
at Peak M
Specific fluorescence
at Peak T
Specific fluorescence
at Peak B

Purpose
Fluorescence
Fluorescence per unit carbon. Humic-like (UV)

Peak Ratio (A:T)

Peak A / Peak T

Peak Ratio (C:A)

Peak C / Peak A

Peak Ratio (C:M)

Peak C / Peak M

Peak Ratio (C:T)

Peak C / Peak T

Biological Index (BIX)

Ratio of emission intensity at 380 nm /
430 nm, at excitation 310 nm

Fluorescence Index (FI)

Ratio of emission wavelengths at 470
nm and 520 nm, at excitation 370 nm
Area under emission spectra 435-480
nm / peak area 300-345 nm + 435-480
nm, at excitation 254 nm

Humification Index (HIX)

Reference
Hansen et al., 2016; Hansen et
al., 2018

Fluorescence per unit carbon. Humic-like
(UV/vis)

Hansen et al., 2016; Hansen et
al., 2018

Fluorescence per unit carbon. Humic-like
(further along the degradation continuum
relative to A and C)
Fluorescence per unit carbon. Tryptophan-like

Hansen et al., 2016; Hansen et
al., 2018

Fluorescence per unit carbon. Tryosine-like
(often hard to discern from spectral noise, so
report T instead to capture amino acid
fluorescence signature)
Indicator of amount of humic-like (recalcitrant)
vs. fresh-like (labile) fluorescence.
Indicator of amount of humic-like vs. fulvic-like
fluorescence.
Indicator of amount of diagenetically altered
fluorescence.

Hansen et al., 2016; Hansen et
al., 2018

Indicator of amount of humic-like (recalcitrant)
vs. fresh-like (labile) fluorescence.
Indicator of autotrophic productivity. High
values (>1) indicate recently produced
autochthonous DOC.
Relative contribution of terrestrial and
microbial sources to DOC pool.
Indicator of humic substance content or extent
of humification. Higher values indicate greater
degree of humification.
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Hansen et al., 2016; Hansen et
al., 2018

Hansen et al., 2016; Hansen et
al., 2018
Baker et al. (2008), Cory et al.
(2010)
Coble (1996), Burdige et al.
(2004), Para et al. (2010),
Helms et al. (2013)
Baker et al. (2008)
Huguet et al. (2009)
McKnight et al. (2001)
Cory et al. (2010)
Ohno (2002)

Table 3.2. Description of LC-OCD fractions using size-exclusion chromatography, ordered from
higher to lowest molecular weight. (Huber et al., 2011; Modelled after Aukes & Schiff, 2020)
LC-OCD Fraction (% of DOM)

Characteristic

Biopolymers (BP)

Polysaccharides, proteins. High molecular weight

Humic Substances (HS)

Humic and fulvic components

Building Blocks (BB)

Breakdown products of HS. HS-like material of lower
molecular weight

Low Molecular Weight Neutrals (LMWN)

Low molecular weight alcohols, aldehydes, ketones,
sugars, and amino acids

Low Molecular Weight Acids (LMWA)

Saturated mono-protic acids

3.3.2.2.

Disinfection By-Products

Disinfection by-product analysis was conducted by the Clean Water Laboratory at Dalhousie
University using a Thermo 1300 Gas Chromatograph. Samples were diluted to a concentration
between 2-5 mg C/L. A known amount of sodium hypochlorite solution was added to each sample
based on the DOC concentration to allow for a residual chlorine concentration of 1 mg/L +/- 0.4 mg/L
to be measured after 24 hours. The disinfection demand of required chlorine concentration for
proper disinfection is dependant on DOC concentration (Figure A3). 20 mL of sample was acidified
and extracted with a 4 mL pentane solvent before injecting 1 µL into the gas chromatograph
containing an electron capture detector for separation and analysis (Standard Methods for the
Examination of Water and Wastewater; USEPA Method 551.1; USEPA Method 552). This method
determines the maximum concentration (µg/L) of four THMs (chloroform, dichlorobromomethane,
dibromochloromethane, bromoform) and of nine HAAs (chloroacetic acid, bromoacetic acid,
dichloroacetic

acid,

trichloroacetic

acid,

bromochloroacetic

acid,

dibromoacetic

acid,

bromodichloroacetic acid, chlorodibromoacetic acid, tribromoacetic acid) that can be formed.
As DBP samples were diluted to 2-5 mg/L, measurements are reported without being
multiplied by their dilution factors due to the fact that in drinking water treatment DOC is removed
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from high DOC concentration waters before chlorination. If values were multiplied by their dilution
factor, DBPs would be reported at unrealistically high concentrations for drinking water.
DBPs were converted to mg C/L to quantify the amount of carbon in each sample that reacts
with chlorine and to allow a direct comparison between DOC concentration and DBP formation. Each
of the nine HAA and four THM raw measurements (ug/L) were converted to mmol/L by dividing each
by their corresponding molar mass multiplied by 1000. To convert mmol/L to mg C/L, values were
multiplied by the number of carbons per molecular formula (THMs have one carbon, HAAs have two
carbons) and the molar mass of carbon (12.011 mg/L).
Canadian drinking water limits of DBPs consider the four THMs (0.1 mg/L) and only five
HAAs (0.08 mg/L), known as HAA5s. To compare the drinking water limits to the obtained values of
DBP formation in association with DOC concentration, the limits were converted to mg C/L.
Chloroform is the dominant THM species, contributing on average 98% to total THMs in these Boreal
Shield lakes (Figure A4). Trichloroacetic acid is the dominant HAA5 species, contributing on average
55% to the total HAA5s (Figure A5). The molecular weight of chloroform and trichloroacetic acid
were used to calculate the drinking water limits of their corresponding DBP groups.
3.3.3. Statistical Analyses
3.3.3.1.

Linear and Multiple Regressions

Variables were transformed where necessary to fit data to a normal distribution. The
qqnorm() and qqline() functions of the stats package was used to test that the residuals of each
variable fit a normal distribution. A Pearson’s correlation matrix was run using ggpairs() of the GGally
(Schloerke et al., 2021) library to test the strength and direction of linear relationships between DOC
concentration, SUVA254 nm, and BIX with catchment characteristics (Table 3.3). This process was also
conducted on DBP groups with predictor variables of DOC concentration and composition, and
catchment characteristics (Table 3.5).
69

Linear models were run on all correlated pairs using the lm() function of stats. Adjusted R2
and p-values are displayed in Table 3.3 and Table 3.5. Only results from predictor variables that
showed significant correlation with the response variables are presented. Strong correlation was
interpreted by coefficient values between +/- 0.05 and +/- 1, and p-values at various degrees of
significance (* p < 0.1, ** p < 0.05, *** p < 0.01).
To improve explanatory power of response variables, predictor variables that showed
significant correlation (p < 0.01) with response variables were used in stepwise MLR analysis (Table
3.4, Table 3.7). The stepAIC() function was used as part of the MASS library (Venables and Ripley,
2002). Akaike’s Information Criterion (AIC) values were used to determine the most appropriate
predictive model for each response variable. AIC takes into account the model complexity and fit,
where the lower the AIC, the better the model. Predictor variables of each model were checked for
multicollinearity using the vif() function in the car package (Fox and Weisberg, 2019), where
variance inflation factor values less than 5 were considered independent (James et al., 2014). The
following DOC quality variables were removed from MLR analysis in relation to DBPs due to high
multicollinearity: SAC350, SAC420, C:T, Abs420, A:T, E2:E3, BIX.
3.3.3.2.

Principal Components Analysis

Statistical analyses were undertaken using R 3.6.0 (R Core Team). DOC quality data and
catchment landcover data was analyzed using two separate constrained ordinary analysis via
principal component analysis (PCA) with the prcomp() function as part of the stats package. A biplot
was generated using the first two principal components (PCs).
The DOC quality data contains ten lakes sampled in both 2017 and 2018. Instead of averaging
the quality values between both years, these samples were left separate as some quality differences
were noticed between years, particularly in the LC-OCD analysis where there was a statistically
significant difference in LMWA between years. Furthermore, as differences in DOC quality drives
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differences in DBP formation, the analysis of individual samples from the same lake in relation to
DBPs was important. To ensure that PC loadings were not drastically influenced by the ten lakes
containing samples from both years, PCA analyses were conducted with and without the duplicates.
PC1 and PC2 loadings had an average difference of 0.01 and 0.09 respectively between analysis,
therefore PCA loadings were minimally influenced by the inclusion of the ten duplicate lakes.
PCA requires the following assumptions: the variables are continuous data of a large sample
size, variables are linearly related, and there are no significant outliers. To better meet the
assumptions of a PCA, Pearson’s correlation test and Shapiro-Wilk’s tests were run.
Shapiro-Wilk’s test was run using the shapiro.test() function of the stats package. The
Shapiro-Wilk’s test for normality was conducted on all variables where a p-value of less than 0.05
was considered significantly different than a normal distribution. Logarithmic (BIX, HIX, CA ratio, CM
ratio, CT ratio, SAC350, True Colour, Sr, Abs420, SAC420, % coniferous treed) and square-root
transformations (AT ratio, and % Sparse Treed) were conducted where necessary to adjust variables
to fit normal distributions and reduce the effect of outliers on statistical tests. Most catchments are
dominated by % OW, % Sparse Treed, % Mixed Treed, and % Coniferous Treed. There is a substantial
amount of zeros for other less common landcover classifications (% Deciduous Treed, % Disturbance,
% Bedrock, % Bog, % Wetland). These zero inflated datasets are not normally distributed (ShapiroWilk p < 0.05) and do not improve with transformations.
A correlation matrix was created using the ggpairs() function of the GGally package
(Schloerke et al., 2021). The Pearson correlation matrix was used to test the strength and direction
of linear relationships between all possible pairs of quality measurements (after required
transformations). A high degree of correlation was interpreted by Pearson’s coefficient values
between +/- 0.05 and +/- 1. A p-value of less than 0.05 was considered to indicate a significant
correlation between variables.
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3.3.4. Potential DOC Generation Areas
As aerial imagery is often insufficient in classifying wetlands, particularly in well forested
area, catchment topography was used to identify flat and low slope areas. Following methods
established by Creed et al. (2003), areas of low-lying areas of potential DOC generation
(%CrWetland) were created using a 2 m digital elevation model (DEM) in ESRI ArcGIS software (see
Chapter 2). The %CrWetland areas have proportional slope between 0-5% rise, excluding bedrock
and infrastructure landcover classifications. These areas include all low-lying areas that have the
potential to contribute to DOC generation through decomposition in saturated soils (Creed et al.,
2003). A detailed explanation of methods used to generate %CrWetland areas is described in Chapter
2.
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3.4.

Results

3.4.1. Catchment characteristics that drive changes in DOC quantity and quality
Table 3.3. Linear regression and Pearson’s correlation statistics for relationships of catchment
characteristics with DOC concentration and composition. Pearson’s correlation p-values with an
asterisk indicates statistical significance compared to various levels of significance (* p < 0.1, ** p <
0.05, *** p < 0.01).
Predictor variables

Linear regression
Adjusted R2
p-value

Pearson’s
correlation
coefficient

log [DOC]
sqrt WRT hydro
sqrt WRT iso
% OW
% CrWetland
% Wetland
% sqrt Sparse Treed

0.33
0.54
0.56
0.26
0.26
0.090

sqrt WRT
sqrt WRT iso
% OW
% CrWetland
% Wetland
% sqrt Sparse Treed

0.36
0.39
0.55
0.42
0.36
0.090

1.0e-04
1.9e-07
5.2e-08
6.7e-04
6.9e-04
0.039

-0.60***
-0.75***
-0.76***
0.53***
0.53***
0.35*

5.2e-05
3.1e-05
1.0e-07
7.6e-06
5.6e-05
0.039

-0.62***
-0.64***
-0.75***
0.66***
0.61***
0.34*

1.8e-04
2.7e-05
1.8e-08
2.7e-04
1.9e-03
5.8e-03

0.58***
0.64***
0.78***
-0.57***
-0.49**
-0.45**

SUVA254

log BIX
sqrt WRT
sqrt WRT iso
% OW
% CrWetland
% Wetland
% sqrt Sparse Treed

0.31
0.39
0.59
0.30
0.22
0.17
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Table 3.4. Comparison of multiple linear regression models of catchment characteristics as the
predictor variables and DOC concentration and composition as response variables. Variables were
transformed prior to running regression analysis (see Methods). Models represent the best fit based
on the higher adjusted R2 and lowest AIC values. The two best fit models for each dependent variable
are presented.
Response
variable

Model

Adjusted
R2

p-value

AIC

log [DOC]

1.106614 - 0.007456(%OW) 0.128859(sqrtWRTiso) + 0.008698(%CrWetland)

0.69

6.5e-09

-179.05

1.28875 - 0.01065(%OW) - 0.11894(sqrtWRTiso)

0.67

4.0e-09

-177.73

6.19659 - 0.08117(%OW) 1.08324(sqrtWRTiso) +
0.19808(%CrWetland)

0.67

1.7e-08

1.94

6.2490 - 0.1439(%OW) +
0.1717(%CrWetland)

0.61

3.5e-08

6.00

-0.384393 + 0.005709(%OW) +
0.039943(sqrtWRTiso) - 0.004720(%CrWetland)

0.63

9.4e-08

- 217.67

-0.48322 + 0.00744(%OW) +
0.03456(sqrtWRTiso)

0.62

5.3e-08

-216.79

SUVA254

log BIX
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Figure 3.3. Relationship between DOC concentration and (a) lake water residence time calculated by
the hydrologic method, (b) lake water residence time calculated by the isotopic method, and (c)
percent of open water in catchment. Equation and R2 values of linear regression tests are displayed.
Circles indicate samples collected in 2017, while triangles are samples collected in 2018. Point labels
are lake identification numbers.
Surface lake water DOC concentrations of sampled IISD-ELA lakes range from 3.9-15 mg/L.
Lake WRT was assessed through two different calculation methods: hydrologic and isotopic (see
Chapter 2). The hydrologic and isotopic WRT calculation methods are negatively correlated with DOC
concentration (Pearson’s coefficients of -0.60 and -0.75 respectively, p < 0.01, Table 3.3). The
hydrologic WRT method explains 33% of the variance in DOC concentration. Lakes with longer lake
WRTs have lower DOC concentrations and also contain less variation in DOC concentrations (Figure
3.3a). In contrast, short WRT lakes have higher DOC concentrations and more variation in DOC
concentrations than longer WRT lakes. The isotopic WRT method is able to explain 54% of the
variance in DOC surface lake water DOC concentration. High variability in DOC concentration at low
WRTs is not observed for the isotopic WRT method (Figure 3.3b). There is a strong negative linear
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relationship between DOC concentration and %OW (Pearson’s coefficient -0.76, p < 0.01; Table 3.3,
Figure 3.3c). Lakes of catchments with higher %OW are associated with lower DOC concentrations,
while those with a smaller %OW have larger DOC concentrations.
We found several catchment variables were significantly correlated with DOC concentration
(Table 3.3). Individually, %OW explained the most variance in DOC concentration (R2 = 0.56). Of
significant predictor variables, WRT (both methods) and %OW were negatively correlated with DOC
concentration. DOC concentration was positively correlated with %CrWetland, %Wetland, and
%Sparse Treed. Landcover variables and catchment morphometry variables that displayed a
significant linear relationship (p < 0.01) with DOC concentration (Table 3.3) were evaluated in
stepwise MLR models (Table 3.4). Lower AIC values were used to select the two best models.
Although %Wetland showed similar linear regression and Pearson’s correlation results as
%CrWetland, %Wetland was not used in MLR analysis as it is zero inflated data where nine of the
twenty-seven catchments have 0% Wetland and two-thirds of the catchments have < 2% Wetland.
This data does not effectively represent the true extent of wetlands in these Boreal Shield catchments,
as wetlands in forested landscapes are often underestimated (Creed et al., 2008; Winter, 1992) (see
Chapter 2). When %OW, %CrWetland and WRT (isotopic method) were used to predict DOC
concentration, 69% of the variance is explained.
Each DOC quality variable requires different predictor landscape and/or catchment
morphometry variables in their best suited MLR models. We present two examples of this with
SUVA254 and BIX, as they are commonly used to represent allochthonous-like and autochthonous-like
carbon respectively.
SUVA254, frequently used as an indicator of higher molecular weight aromatic allochthonouslike DOC (Weishaar et al., 2003), is negatively correlated with WRT and %OW, and positively
correlated with %CrWetland, %Wetland, and %Sparse Treed (Table 3.3). Individually, %OW
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explained the most variance in SUVA254 (R2 = 0.55). The best fit stepwise MLR model (lowest AIC
value) uses %OW, WRT (isotopic method), and %CrWetland, which accounts for 67% of the
variability in SUVA254 (Table 3.4). The model with the second lowest AIC value includes %OW and
%CrWetland, and accounts for 61% of the variability.
BIX, which is used to express recently produced in-lake carbon by autotrophic activity
(Huguet et al. (2009), was positively correlated with WRT and %OW, and negatively correlated with
%CrWetland, %Wetland and %Sparse Treed (Table 3.3). Individually, %OW explains the most
variance in BIX (R2 = 0.59). The stepwise MLR model with the lowest AIC value includes %OW, WRT
(isotopic method), and %CrWetland, and explains 63% of the variance in BIX (Table 3.4). The model
with the second lowest AIC value uses includes %OW and WRT, and explains 62% of the variance in
BIX.
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Figure 3.4. Principal component analyses (PCA) for surface lake water samples collected in 2017
(circles) and 2018 (triangles), displayed in differing colour schemes by (a) water residence time
(hydrologic method), (b) water residence time (isotopic method), and (c) percent of catchment with
open water. Labels of quality parameter vectors are coloured by analysis technique (absorbance =
red, fluorescence = blue, LC-OCD = purple). Overlapping vector labels were moved to display all
quality parameters.

78

A principal component analyses (PCA) was performed to access relationships between all
measurements of DOC quality. The first two PCA axes (PC1 and PC2) account for 77.2% of the total
variability in DOC quality, with PC1 explaining 65.9% of the total variance (Figure 3.4). Higher
molecular weight molecules that are correlated with greater aromatic content (Hansen et al., 2016)
and a higher percentage of humic substances are indicated by higher SUVA254, AT ratio, and HS. These
variables are grouped with larger PC1 values along with shorter WRTs and less %OW. BIX, S 275-295,
and BP are grouped along the more negative side of the PC1 axis, related to longer in-lake processing
from greater WRT and %OW. The variability in the PC2 axis indicates differences in BB, LMWA, and
FI measurements. The strong eigenvector for LMWA has been attributed to differences between 2017
and 2018 sample measurements, where 2018 samples detected LMWA levels significantly higher
than that found in 2017 (Paired t-test, p < 0.05).

Figure 3.5. Principal component analysis (PCA) of catchment landcover classifications (OMNRF,
2014), including low-lying areas of potential DOC generation area (%CrWetland) in relation to (a)
percent of open water in catchment and, (b) DOC concentration.
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A PCA was performed on landcover classifications including %CrWetland to visualize the
distribution of catchment landcover in relation to %OW and DOC concentration. The first two PCA
axes account for 42.6% of the variability in catchment landcover among lakes, with PC1 explaining
22.9% of the variance (Figure 3.5). IISD-ELA Boreal Shield lakes are well spread among the landcover
types of sparse treed, mixed treed, deciduous, coniferous, disturbance, bog, wetland, bedrock, and
clear open water. Large variations in forest type are not observed between watersheds here.
%Wetland, %CrWetland, %OW, and %Sparse Treed are the only landcover classifications that are
significantly correlated with DOC (p < 0.05, Table 3.3).
Lakes within catchments that have a higher %OW plot in the more negative values of PC2
(Figure 3.5a) and also have lower DOC concentrations (Figure 3.5b). These lakes also show
correlation with less with humic and aromaticity content, and more with allochthonous-like DOC
quality (Figure 3.4c).
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3.4.2. Key DOC and catchment characteristics that influence DBP production
Table 3.5. Linear regression and Pearson’s correlation statistics for relationships of DOC and
catchment characteristics with DBP groups. Pearson’s correlation p-values with an asterisk indicates
statistical significance compared to various levels of significance (* p < 0.1, ** p < 0.05, *** p < 0.01).
Type
Concentration
Absorbance

LC-OCD
Fluorescence

Catchment

Concentration
Absorbance

LC-OCD
Fluorescence

Predictor
variables
log [DOC]
SUVA254
E2:E3
log SAC350
log True Colour
log Sr
log Abs420
log SAC420
% BP
% HS
log % BB
log BIX
FI
log HIX
sqrt A:T
log C:A
log C:M
log C:T
sqrt WRT hydro
sqrt WRT iso
% OW
% Wetland
% CrWetland
log [DOC]
SUVA254
E2:E3
log SAC350
log True Colour
log Sr
log Abs420
log SAC420
% BP
% HS
log BIX
log HIX
sqrt A:T
log C:A

Linear regression
Adjusted R2 p-value
THM
0.30
2.4e-04
0.43
7.3e-06
0.32
1.7e-04
0.39
2.2e-05
0.36
5.0e-05
0.27
5.7e-04
0.36
5.0e-05
0.35
6.7e-05
0.26
8.7e-04
0.38
3.8e-05
0.17
7.8e-03
0.37
4.2e-05
0.090
0.040
0.33
1.3e-04
0.31
1.9e-04
0.17
7.3e-03
0.26
7.6e-04
0.29
3.1e-04
0.30
2.4e-04
0.20
3.7e-03
0.26
7.9e-04
0.21
2.3e-03
0.20
3.5e-03
HAA5
0.45
3.0e-06
0.61
5.7e-09
0.56
5.0e-08
0.59
1.7e-08
0.54
1.4e-07
0.45
3.4e-06
0.55
1.1e-07
0.53
1.7e-07
0.40
1.8e-05
0.37
5.5e-05
0.50
5.4e-07
0.24
1.1e-03
0.22
1.8e-03
0.43
6.9e-06
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Pearson’s correlation
coefficient
0.57***
0.66***
-0.58***
0.64***
0.62***
-0.54***
0.62***
0.61***
-0.53***
0.63***
-0.44**
-0.62***
-0.34*
0.59***
0.58***
0.43**
0.53***
0.56 ***
-0.57***
-0.47***
-0.53***
0.49**
0.47**
0.68***
0.79***
-0.76***
0.78***
0.74***
-0.68***
0.75***
0.74***
-0.65***
0.62***
-0.72***
0.51**
0.50**
0.67***

Type

Catchment

Concentration
Absorbance

LC-OCD
Fluorescence

Catchment

Predictor
variables
log C:M
log C:T
sqrt WRT hydro
sqrt WRT iso
% OW
% Wetland
% CrWetland
log [DOC]
SUVA254
E2:E3
log SAC350
log True Colour
log Sr
log Abs420
log SAC420
% BP
% HS
log BIX
log HIX
sqrt A:T
log C:A
log C:M
log C:T
sqrt WRT hydro
sqrt WRT iso
% OW
% Wetland
% CrWetland

Linear regression
Adjusted R2 p-value
0.42
9.3e-06
0.28
4.7e-04
0.42
7.5e-06
0.31
2.6e-04
0.28
4.5e-04
0.30
2.9e-04
0.23
1.7e-03
HAA9
0.45
2.9e-06
0.62
4.2e-09
0.58
3.0e-08
0.60
1.1e-08
0.55
1.1e-07
0.46
2.5e-06
0.55
8.4e-08
0.54
1.2e-07
0.41
1.5e-05
0.36
6.5e-05
0.50
5.2e-07
0.24
1.3e-03
0.22
2.1e-03
0.45
3.2e-06
0.43
6.5e-06
0.28
4.7e-04
0.43
6.3e-06
0.31
2.4e-04
0.28
4.8e-04
0.30
2.4e-04
0.22
1.9e-03

Pearson’s correlation
coefficient
0.66***
0.55***
-0.66***
-0.57***
-0.55***
0.56***
0.50**
0.69***
0.80***
-0.77***
0.78***
0.75***
-0.69***
0.75***
0.75***
-0.65***
0.62***
-0.72***
0.51**
0.49**
0.68***
0.67***
0.55***
-0.67***
-0.58***
-0.55***
0.57***
0.49**

Table 3.6. Linear regression results for the prediction of DBPs via DOC concentration.
Response
variable

Model

Adjusted R2

p-value

THM

-0.002545 + log DOC(0.014834)

0.30

2.4e-4

HAA5

-0.009869 + log DOC(0.030463)

0.45

3.0e-06

HAA9

-0.009970 + log DOC(0.030823)

0.45

2.9e-06
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Table 3.7. Comparison of stepwise multiple linear regression models of DOC quality (white
background) and catchment characteristics (grey background) as the predictor variables and DBP
formation as response variables. Variables were transformed prior to running regression analysis
(see Methods). Models represent the best fit based on the higher adjusted R2 and lowest AIC values.
The two best fit models for each dependent variable are presented.
Response
variable
THM

HAA5

HAA9

Model

Adjusted
R2

p-value

AIC

0.0022475 + 0.0014469(SUVA254)

0.43

7.3e-06

-421.04

-0.0026382 + 0.0009890(SUVA254) +
0.0001192(%HS)

0.43

3.6e-05

-420.47

0.0084483 - 0.0022662(sqrtWRThydro) +
0.0003277(%CrWetland)

0.37

1.7e-04

-429.14

0.01102 – 8.708e-05(%OW) - 1.926e03(sqrtWRThydro) + 2.572e-04(%CrWetland)

0.36

5.0e-04

-427.83

-0.0007876 + 0.0030703(SUVA254)

0.66

9.4e-10

-402.08

0.0045569 + 0.0035966(SUVA254) 0.0001330(%HS)

0.66

6.2e-09

-401.13

0.001792 - 0.0046788(sqrtWRThydro) +
0.0005512(%CrWetland)

0.49

4.4e-06

-397.6

1.666e-02 - 7.408e-05(%OW) - 4.389e03(sqrtWRThydro) + 4.912e04(%CrWetland)

0.48

2.0e-05

-395.81

-0.0008421 + 0.0031184(SUVA254)

0.67

6.9e-10

-401.93

0.0052938 + 0.0037227(SUVA254) 0.0001527(%HS)

0.67

3.9e-09

-401.32

0.0149437 - 0.0047890(sqrtWRThydro) +
0.0005432(%CrWetland)

0.49

4.1e-06

-396.93

1.701e-02 - 6.991e-05(%OW) - 4.516e03(sqrtWRThydro) + 4.866e-04(%CrWetland)

0.48

1.9e-05

-395.11

Three major groupings of DBPs (THMs, HAA5, and HAA9s) were tested for linear correlations
with DOC concentration and composition, and catchment characteristics (Table 3.5, Table 3.6). THMs
were positively linearly correlated to DOC concentration, SUVA254, SAC350, True Colour, Abs420, SAC420,
%HS, HIX, A:T, C:A, C:M, C:T, %Wetland, and %CrWetland. THMs were negatively linearly correlated
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to E2:E3, Sr, %BP, %BB, BIX, FI, WRT (both methods), and %OW. HAA5s and HAA9s showed positive
linear correlation to DOC, SUVA254, SAC350, True Colour, Abs420, SAC420, HS, HIX, A:T, C:A, C:M, C:T,
%Wetland, and %CrWetland. Negative linear correlations were shown with E2:E3, Sr, BP, BIX, WRT,
and %OW. Individually, SUVA254 explained the most variance in each group of DBPs (THM R2 = 0.43,
HAA5 R2 = 0.61, HAA9 R2 = 0.62). As DOC concentration is considered an indicator of potential DBP
formation (Roberts et al., 2002), linear regression models were generated to show the predictability
of DBP groups via DOC concentration (Table 3.6). DOC concentration explained 30% of the variability
in THMs and 45% of the variability in HAA5s and HAA9s.
Quality and catchment variables that were significantly correlated with DBPs were used in
stepwise MLR analysis for each DBP group (Table 3.7). Variables that showed multicollinearity were
removed prior to running the models. %Wetland was not included in the MLR models due to the zero
inflated data. For all three groups of DBPs, SUVA254 remains the dominant quality predictor variable
for DBP formation (THM R2 = 0.43, HAA5 R2 = 0.66, HAA9 R2 = 0.67). The addition of %HS to each
model only slightly influenced the AIC and adjusted R2 values. The two most individually influential
(higher R2) quality parameters that are positively and negatively correlated to DBPs are displayed in
Figure 3.6. The best fit model using catchment characteristics to predict THMs, HAA5s, and HAA9s
included WRT (hydrologic method) and %CrWetland. The addition of %OW to each model only had
a slight impact on the AIC and adjusted R2 values.
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Figure 3.6. Linear relationships between DBPs and DOC quality variables. DBP units are in mg of
DBP per mg C/L (see Methods). The red dashed line illustrates the drinking water limit in mg C/L of
the dominant species of each DBP group. BIX and Sr are logarithmically scaled. Equation and R2
values of linear regression tests are displayed. Circles indicate samples collected in 2017, while
triangles are samples collected in 2018.
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Figure 3.7. Surface lake water DOC concentrations displayed with their corresponding DBP
production. 2017 samples are shown as circles while 2018 samples are triangles. The red dashed line
illustrates the drinking water limit in mg C/L of the dominant species of each DBP group. Lakes are
coloured by percent of open water in the catchment.
DBPs were converted from µg/L to mg C/L to quantify the amount of carbon in each sample
that reacted with chlorine (see Methods). Canadian drinking water limits for DBPs are only available
for total THMs and HAA5s, even though there are four more chemical compounds that are recognized
as part of the HAA9 group, and potentially many more untested harmful chemicals (Lavonen et al.,
2013; Gonsior et al., 2019). The drinking water limits were converted to mg C/L using the molecular
weight of the dominant DBP species contributing to each group (see Methods). This modification of
the drinking water limit was conducted to allow for the direct comparison of DBP production to DOC
concentration (Figure 3.7). Most of the study lakes fall above the drinking water limit of both groups
of commonly tested DBPs. The THMs produced concentrations between 0.04-0.19 mg C/L with the
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average being 0.11 mg C/L. HAA5s concentrations were just as concerning at 0.03-0.35 mg C/L and
an average of 0.13 mg C/L.
3.5.

Discussion
Twenty-seven Boreal Shield lakes with widely varying lake WRTs and %OW in catchment

were analysed using a multivariate approach to distinguish the driving factors of DOC concentration
and composition in relation to the subsequent formation potential of DBPs. On a regional scale we
quantified the influence of catchment morphometry and landscape characteristics on DOC quality
components that more readily form DBP products during drinking water treatment.
3.5.1. Key DOC and catchment characteristics that influence DBP production
Lake water quality is closely linked to hydrology and landscape characteristics, both of which
are subject to alteration through climate change (de Wit et al., 2016). This has led researchers to
work towards a mechanistic understanding of DOC quantity and quality and its relationship to DBP
formation potential (Williams et al., 2019). Allochthonous DOC with more humic-like and aromatic
compounds are well known precursors for the production of THMs and HAAs (Golea et al., 2017;
Lavonen et al., 2013; Reckhow et al., 1990; Rook, 1977; Wang et al., 2017; Yang et al., 2015). However,
in source waters with longer WRTs and conditions conducive for algal blooms, autochthonous DOC
can also produce high levels of THMs and HAAs (Gonsior et al., 2019). Drinking water treatment
plants aim to effectively disinfect while reducing the formation potential of DBPs (Williams et al.,
2019). There are over 700 known DBPs (Lavonen et al., 2013), with new compounds being identified
by researchers (Gonsior et al., 2019). However, only four THMs and five HAAs are commonly tested
for in drinking water treatment plants (Jiang et al., 2018; Li and Mitch, 2018; Richardson and Ternes,
2018).
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The concentration of chlorine required to effectively disinfect drinking water and maintain a
residual of 1 mg/L +/- 0.4 mg/L, known as the disinfection demand, is dependant on the DOC
concentration of drinking water (Figure A3). The disinfection demand is limiting in the reaction of
chlorine and DOC (Beggs et al., 2009; Williams et al., 2019). DBP analysis conducted at the Clean
Water Laboratory at Dalhousie University added a known concentration of chlorine based on the
sample DOC concentration to determine the formation potential of THMs and HAAs. This data may
not be best suited to examine disinfection demand, as different multiplications factors to obtain
required chlorine dose from DOC concentration may have been used in different analysis (Figure A3),
and therefore a clear relationship between DOC and disinfection demand can not be deduced.
However, this method was effective to determine DBP formation in relation to DOC concentration.
We show DOC concentration of IISD-ELA Boreal Shield lakes in relation to the yield of DBPs
per unit of carbon for the nine commonly monitored DBPs, including their respective Canadian
drinking water limits (Figure 3.7). HAA5s are used here instead of HAA9s because Canadian drinking
water limits do not include all nine HAAs. Most of the sampled lakes fall above the drinking water
limit guidelines of DBP concentrations. Lakes with the lowest %OW in their catchments that have
higher DOC concentration (Figure 3.3c), show DOC quality related to higher MW and aromatics
(Figure 3.4c), and produce high levels of DBPs much above the drinking water limits (Figure 3.7).
Some lakes whose catchments have more %OW, allowing for greater in-lake processing of DOC, still
produce a concerning level of DBPs. These results are in agreement with Gonsior et al. (2019) who
found that autochthonous-derived DOC are also precursors for DBP production. We can also not
dismiss the fact that due to limited DBP testing in drinking water, there is the potential for a large
number of DBPs not accounted for in these measurements, and therefore the true potential of these
waters to produce harmful DBPs is unknown.
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DOC concentration is a more common measurement in lake water sampling than DOC
composition measurements. DOC concentration as a single predictor variable of DBP formation
potential in a linear regression was only able to explain 30% of the variation in THMs, and 45% of
HAA5s and HAA9s (Table 3.6). However, surface water sources with DOC concentrations above 8
mg/L consistently produced THM and HAA5 concentrations above the drinking water limits (Figure
3.7).
The use of quality metrics such as SUVA254 increases the predictive power of DBPs. Direct
relationships between DOC quality and DBP formation from chlorination was assessed by linear
regression and Pearson’s correlation (Table 3.5, Figure 3.6). SUVA254 and %HS represent the higher
MW aromatic humic substances that are associated with allochthonous-like carbon and catchments
with lower %OW (Figure 3.6a-d). Both of these quality parameters are positively correlated (Table
3.5) to higher concentrations of both major groups of DBPs (THMs and HAA9s), suggesting that
higher MW aromatic humic substances are more reactive with chlorine to produce DBPs (Awad et
al., 2016; Reckhow et al., 1990; Rook, 1977). BIX and Sr represent photolysed and recently produced
carbon through autotrophic activity that is of lower MW and aromaticity, with higher proportions of
polysaccharides and proteins, resulting from in-lake processing associated with higher %OW (Figure
3.6e-h). There is a negative relationship between these quality variables and DBP formation.
The strong relationship between lower %OW, higher DOC concentration, and chemical
composition of greater MW and aromatics in Boreal Shield lakes creates a unique opportunity to
predict the suitability of a given surface lake water source for drinking water. Linear regression
analyses using DOC quantity and quality were generated to predict formation potential of DBPs when
disinfected with chlorine (Table 3.5). DOC concentration is positively linearly related to the three
groups of DBPs. SUVA254 was the single most important quality variable to predict DBP formation,
even when other variables were introduced during MLR analyses (Table 3.7). These results are in
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compliance with other studies that show the humic and higher MW fractions are the most important
precursors of DBP formation (Reckhow et al., 1990; Rook, 1977).
MLR analyses using catchment characteristics yielded significant models in which WRT
(hydrologic method) and %CrWetland were the most effective in predicting each group of DBPs
(Table 3.7). Catchment characteristics were more effective than DOC quantity alone, and less effective
than DOC quality in directly predicting DBP formation potential (lower R 2 values of MLR models).
However, in remote areas where sampling is limited, WRT, %CrWetland, and %OW would be
effective to obtain a good idea of formation potential. The ability to predict potential DBP formation
using simple measures is useful in source water selection for drinking water treatment plants to
optimise disinfection while limiting the formation of DBPs.
Drinking water treatment plants use DOC removal techniques of coagulation and flocculation,
often in combination with sand filtration and UV disinfection (van Leeuwen et al., 2005; Krzeminski
et al., 2019). Samples with higher SUVA254 associated with higher MW, hydrophobic fractions have
been shown to facilitate DOC removal by coagulation more than lower MW hydrophilic fractions
(Köhler et al., 2013; Pernitsky and Edzwald, 2006). Humic substances (related to lower %OW) known
to contribute substantially to DBP formation are often more readily removed through coagulation,
therefore reducing the risk of harmful DBPs being produced when water is disinfected with chlorine.
However, lower MW autochthonous-like DOC that is recalcitrant to removal may also produce high
levels of DBPs. Despite the lower DOC concentrations of lakes with higher %OW in their catchments,
the quality of low MW hydrophilic fractions of DOC may result in less effective removal rates
(Krzeminski et al., 2019). Proper DOC removal through drinking water treatment plants would likely
be effective in the removal of larger MW DOC with a higher humic content (Eikebrokk et al., 2004;
Raeke et al., 2017) that is more frequently observed in lakes of catchments with greater %OW.
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Depending on the drinking water treatment plant, chlorination may be used before and after
coagulation or just after. Williams et al. (2019) identified that for drinking water treatment plants
examined in Buffalo Pound, Saskatchewan, chlorination before coagulation resulted in higher
chlorinated-DBPs. Post-coagulation chlorination reduced chlorinated-DBPs, but increased
production of brominated-DBPs. They identified that aromatic allochthonous-like DOC is associated
with specific DBP compounds. IISD-ELA Boreal Shield lakes (of higher aromatic allochthonous-like
DOC) are more likely to produce higher levels of chloroform and less likely to produce bromoform,
as the igneous geology is not conducive to high concentrations of bromide (Davies et al., 1967; Zoltai,
1965). This highlights the need for drinking water treatment plants to amend their procedures
depending on the source water DOC quality. The efficiency of DOC removal based on its chemical
composition must be balanced with the overall cost associated with reducing high DOC levels to the
acceptable drinking water standard of 5 mg/L (Ministry of the Environment, 2006). Drinking water
treatment plants face higher costs due to decreased filter run times, increased required coagulant
dose, and sludge production (Eikebrokk et al., 2004).
Future climate change may increase precipitation, in turn reducing lake WRT, and may cause
lakes to have higher DOC concentrations of allochthonous nature (de Wit et al., 2016). Improving
drinking water treatment techniques to deal with excess aromatic DOC is important. The current
research furthers the mechanistic understanding of catchment characteristics that influence DOC
quality and aids drinking water treatment plants to efficiently disinfect and limit DBP production in
drinking water.
3.5.2. Catchment characteristics that drive changes in DOC quantity and quality
Our results show that lakes of short WRTs calculated by the hydrologic method display a wide
range of DOC concentrations, as well as the potential for higher DOC concentrations (Figure 3.3a).
Lakes with longer WRTs have more uniformly reduced DOC concentrations. Although some IISD-ELA
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lakes of short WRTs have high DOC concentrations, many also have low concentrations similar to
lakes of much longer WRTs. This irregular relationship is due to the method that lake WRT is
calculated for individual lakes. The hydrology of a single lake is used (see Chapter 2), however in the
context of addressing in-lake processing in environments where lakes are well connected, all lakes
must be considered (Kothawala et al., 2014). The isotopic WRT method does not result in high
variability of DOC concentrations at short WRTs (Figure 3.3b). It is likely that evaporation in
upstream lakes influences the measurement of stable water isotopes, reflecting a truer WRT of the
entire catchment (see Chapter 2). However, in the field of limnology the hydrologic WRT method is
more commonly used.
It is often concluded that lakes with longer WRTs have lower DOC concentrations than those
with shorter WRTs (Lindell et al., 1996; Adrian et al., 2009). Adrian et al. (2009) found that in short
WRT Boreal lakes DOC is more directly linked to fluctuations in inputs due to DOC production in
catchment soils and export to streams. Longer WRTs lakes became more impacted by in-lake
processes such as microbial degradation (Tranvik, 1992), photolysis (Lindell et al., 1995; Bertilisson
and Tranvik 2000), and sedimentation (Von Wachenfeldt et al., 2008). These results may be relevant
for lakes of small catchment sizes, but fail to acknowledge the impact of larger catchments containing
several well-connected lakes. We show that %OW within a catchment is more indicative of DOC
concentration and composition than the commonly used lake WRT (hydrologic method), especially
in catchments with several lakes (Table 3.3, Figure 3.3).
The %OW in a catchment considers all in-lake processing that occurs in the entire catchment
(Figure 3.3c). We see a stronger negative linear relationship with DOC concentration and %OW, than
with WRT (both methods) (Table 3.3). For example, Lake 938 with a short WRT (hydrologic method)
of 0.017 years: approximately 6 days, has a DOC concentration of 4.7 mg/L. Lake 640 has a WRT of
0.195 years:71 days and a DOC concentration of 14 mg/L. Without considering the entire catchment,
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one may expect Lake 938 to have a higher DOC concentration similar to Lake 640, as they both have
shorter WRTs. However, the surface area of Lake 938 accounts for less than 1% of the open water in
its whole catchment. The large upstream open waterbodies contribute substantially to the in-lake
processing to reduce the DOC concentration and alter its chemical composition. The DOC from the
upstream lakes has previously undergone in-lake processes that degrade the quality and reduce the
concentration (Kortelainen 1993).
These results are supported by Kothawala et al (2014) who found the percent of upstream
lakes (%Water: sampled lake not included here) within a catchment to be more strongly correlated
with DOC concentration than lake WRT. Kellerman et al. (2014) also observed an inverse relationship
between DOC concentration in Swedish Boreal lakes and both the proportion of water within a
catchment and the WRT. Longer WRT allowed for more in-lake processing which reduced the
abundance of aromatic compounds due to their sensitivity to photodegradation and availability to
microbial degradation (Kujawinski et al., 2004; Tranvik, 1992). Increased WRT also allows more time
for DOC to be produced by autochthonous sources (Freeman et al., 2001; Köhler et al., 2013).
Kothawala et al. (2014) also found a shift in DOC quality where greater terrestrial humic-like
components and lower proportions of protein-like components were associated with lower %Water
and shorter lake WRT. A strong negative relationship with %Water and WRT was observed with
SUVA254, indicating darker water with aromatic DOC structures (Kothawala et al., 2014; Weishaar et
al., 2003). This suggests that aromatic terrestrial derived DOC is more susceptible to in-lake loss
processes, causing it to be rapidly degrade when exposed to photolysis and heterotrophic bacteria.
Fluorescence Parallel Factor Analysis (PARAFAC) components were correlated with simple
absorbance measures (SUVA254, S250-600, Abs420). Fluorescence PARAFAC components indicative of
autochthonous derived DOC protein components were negatively correlated with Abs420 and
SUVA254, and positively correlated with S250-600. These are evidence of by-products of broken-down
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DOC molecules from extensive in-situ processing (Kothawala et al., 2014). Our results show a similar
relationship between %OW (instead of %Water upstream) and DOC quantity and quality.
Similarly to DOC concentration, the chemical composition of DOC is largely driven by the
%OW in the entire catchment, rather than the WRT of an individual sampled lake (Figure 3.4, Table
3.3). A gradient of quality measurements along the first PCA axis are reflective of the extent of in-situ
processing (Figure 3.4b). For instance, Lake 938 plots on the PCA of quality measurements much
closer to other lakes with shorter WRTs (Figure 3.4a). When points of the same PCA are coloured by
%OW a gradient is displayed across the quality variables, further supporting the use of %OW as a
more suitable variable to represent DOC characteristics. This gradient represents the extent of inlake processing that is dependent on the percent of open water in a catchment. A shift from a greater
proportion of HS and higher SUVA254 with less %OW, to higher percentage of BP and greater BIX
intensity with greater %OW reflects the extent of in-lake processing. Allochthonous carbon is
removed through photo-degradation and microbial consumption, reducing the proportion of HS in
DOC. Simultaneously, autochthonous primary productivity increases the proportion of BP. The
concentration and composition of DOC entering the lake water is dependent on the landcover and
associated hydrology of the surrounding catchment.
Landcover classifications generated from aerial imagery can underestimate wetlands within
a heavily forested landscape. Other variables, such as catchment slope, have been used as a proxy for
wetlands as basins with low slopes are expected to have more wetlands and have been shown to be
associated with higher lake water DOC concentrations (Winter 1992, Kortelainen 1993; Xenopoulos
et al., 2003). To simulate the greater potential for DOC to be generated in flat lying saturated areas,
we followed a method developed by Creed et al., (2003), where a DEM was used to identify areas of
flat slopes (<1-5°), known here as %CrWetland (Chapter 2).

94

We observed that %OW and %CrWetland are more strongly correlated to DOC quantity and
quality than other landcover classifications (Table 3.3). The lack of correlation between the main
forest types found in the IISD-ELA Boreal Shield catchments and DOC concentration likely results
from the relatively uniform cover of Boreal forest consisting mainly of black spruce, trembling aspen,
white birch, jack pine, balsam fir, and tamarack. A stepwise MLR analysis using catchment
characteristics (without the zero inflated %Wetland data) yielded a model in which %OW and WRT
had a negative effect on DOC concentration, while %CrWetland had a positive effect (Table 3.4).
These variables were also the most effective in predicting SUVA254, frequently used as an indicator of
higher MW aromatic DOC (Weishaar et al., 2003), and BIX, which represents DOC of lower molecular
weight with more polysaccharides and proteins (Huguet et al. (2009). Due to more in-situ processing,
%OW and WRT are positively correlated to BIX, while %CrWetland and %Wetland are negatively
correlated. %OW was the single most important variable in predicting DOC concentration, SUVA 254
and BIX (Table 3.3). %OW accounted for more than 55% of the variability in all three response
variables.
The quantity and quality of DOC entering a lake and its response to in-lake processes is
dependent on the landscape of the surrounding catchment. The DOC concentration and composition
exported from terrestrial systems is affected by catchment properties, such as the catchment
morphometry, landcover type, and specifically the proportion of wetlands (Dillon and Molot, 1997b).
Both at a regional and global scale, the proportion of wetlands within a catchment is positively linked
to DOC concentration (Kothawala et al., 2014; Sobek et al., 2007; Xenopoulos et al., 2003).
To understand the drastic differences in DOC concentration and composition between lakes
the %OW and %CrWetland are important to consider. For example, the extensive area in the
catchment of Lake 640 that can contribute to DOC production (%CrWetland) in combination with the
relatively small proportion of the catchment that is open water (%OW) allows for high
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concentrations of DOC with greater humics of higher MW to sustain in the lakes through minimal insitu processing. The opposite effect occurs in Lake 938 whose catchment has relatively small
%CrWetland, with large %OW that is conducive to lower DOC concentrations with less HS and
smaller MW through lengthy in-situ processing.
Using landscape variables to accurately predict DOC concentration and composition is useful
to reduce the cost and time of remote field work, as well as the cost of removal and subsequent
disposal of DOC during the drinking water treatment process. DOC is heavily influenced by %Wetland
and %CrWetland via DOC production, and the %OW that reflects the extent of in-situ processing.
These factors are important to consider when evaluating a given lake’s suitability for drinking water.
3.6.

Conclusion
Hydrological and landscape parameters were combined to determine the catchment

characteristics that drive differences in DOC quantity and quality in Boreal Shield lakes and the
subsequent formation potential of DBPs in drinking water when disinfected with chlorine. Lakes of
lower %OW and higher SUVA254 produced increased levels of DBPs, exceeding Canadian drinking
water limits. Higher %OW lakes were associated with lower DBP production, however some lakes
were still within concerning concentrations for drinking water. Lakes of greater %OW resulting in a
higher proportion of autochthonous-like DOC have previously been identified as more recalcitrant to
removal by coagulation processes and show potential for high levels of DBP production. It is
therefore critical for drinking water treatment plants to identify the DOC characteristics of source
water to target the removal of specific DOC compounds related to high DBP production. DOC
concentrations and SUVA254 were best predicted in MLR analyses with %OW, WRT, and %CrWetland.
The latter represents the proportion of catchment area that can contribute to DOC production, while
%OW and WRT represents the extent of in-lake processing that reduces the overall concentration of
DOC in a lake and alters the chemical composition. These lakes demonstrate a gradient of DOC quality
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between high MW aromatic allochthonous-like (higher SUVA254 values) associated with greater
%CrWetland and %Wetland (and lower %OW), and lower MW autochthonous-like DOC (lower
SUVA254 values) related to higher %OW. This research aids the understanding of DOC
characterization and subsequent DBP production in Boreal Shield lakes to efficiently treat drinking
water while reducing the risk of harmful DBPs. This is particularly important as continued climate
change may further increase DOC concentration and alter its composition, influencing a given lake’s
suitability for drinking water.
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Chapter 4 Conclusions
4.1.

Thesis Intention
This thesis successfully determines catchment and lake characteristics that drive changes in

DOC quantity and quality of surface lake waters of southern Boreal Shield catchments. These
relationships predict DBP formation potential when surface lake waters are disinfected with chlorine
during drinking water treatment.
Landcover metrics were instrumental in the accurate assessment of DOC generation and
processing that drives DBP formation. Newly generated cryptic wetland data improved the
prediction of allochthonous-like carbon generated within the catchments, as it shows low-lying areas
that may be frequently inundated and contribute to decomposition.
Lake WRT calculation methods were assessed in relation to surface lake water DOC, where
the isotopic method explained more variance in DOC concentration at higher lake orders than the
hydrologic method, as isotopic measurements capture upstream evaporation processes.
The %OW in catchments were superior to WRT to accurately represent the extent of in-lake
processing within all lakes of each catchment, as it was the single most important variable to predict
both DOC concentration and composition. Lakes in catchments with lower %OW have higher DOC
concentrations and a greater proportion of allochthonous-like carbon, while higher %OW are
associated with lower DOC concentrations and more autochthonous-like carbon.
The composition of DOC is more linked to the formation of DBPs during chlorination than
DOC concentration. Hence, low concentrations of DOC with high aromaticity and MW can produce
DBP concentrations over the recommended guidelines.
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4.2.

Lake Water Residence Time Methods and Landscape Inventory

4.2.1. Comparison of Lake Water Residence Time Calculation Methods
There is no single universal method to calculate lake WRT. This thesis investigated two
techniques, hydrologic and isotopic measurements, to estimate lake WRT for twenty-seven study
lakes. Calculated lake WRT via the hydrologic method quantified values between 0.02-9.77 years,
while the isotopic method quantified values from 0.41-7.90 years. Linear regression analysis showed
a strong positive linear relationship between the two methods (R2adj = 0.68, p < 0.01). Further, these
methods were more similar in first-order or low-order lakes than those of sixth and greater order.
This discrepancy likely arises from the inability for the hydrologic lake WRT method to encompass
upstream evaporative losses, as the volume of a single lake (regardless of upstream lakes) is
considered. It is likely that higher lake WRT values for lakes of 6th order and greater were calculated
from the isotopic method as the evaporative losses throughout the whole catchment are reflected in
the isotopic enrichment of heavy stable water isotopic composition.
DOC concentrations of first and low order are more strongly correlated with WRT calculated
by the hydrologic method. When lakes of larger order are considered, the isotopic WRT method is
more highly correlated with DOC as it incorporates evaporative processes in upstream lakes. As lake
WRT is often used to represent the extent of in-lake processing that drives changes in DOC,
researchers must be aware of the limitations of their chosen WRT calculation method in respect to
upstream processing.
4.2.2. Landcover Classifications and Cryptic Wetlands
Ontario Landcover classifications, developed using 30 × 30 m pixel resolution Landsat-7 TM
images, for twenty-seven Boreal Shield IISD-ELA catchments was compiled (OMNRF, 2014).
Landcover of catchments are dominated by sparsely treed (3.6-62.9%), mixed (coniferous and
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deciduous) treed (3.9-55.7%), and coniferous treed classifications (0-47.5%). Minor contributing
classifications are disturbance (0-23.8%), bedrock (0-11.2%), deciduous treed (0-9.0%), wetland (05.9%), and bog (0-0.8%). The %OW in each catchment ranges between 12.0-38.7%.
Due to the low resolution of Landsat-7 TM images and the small snapshot that these images
supply to a dynamic environment, ground-truthed wetlands were found to be underestimated by
these Ontario Landcover classifications. Following methods outlined by Creed et al. (2003), “cryptic”
wetlands were identified to more accurately represent areas of potential DOC generation
(%CrWetland) within ELA catchments. Excluding areas of open water, bedrock, and disturbances,
areas of low proportional slope (0-5% rise) within a 2 × 2 m digital elevation model (DEM; OMNRF,
2017) were identified. Results from this study identified cryptic wetlands to range 9.0-23.0% of
catchment area, a parameter previously unquantified in these Boreal Shield catchments. This
parameter was further quantified by ground-truthing several wetlands that were previously
unidentified by landcover data. This newly generated data is beneficial in the accurate prediction of
DOC quantity and quality from landscape metrics. Cryptic wetland data is prime example of the
benefits of remote sensing to better quantify carbon exchange in a rapidly changing world.
4.3.

Predicting of Potential DBP Formation in Relation to Catchment Characteristics That

Drive DOC Quantity and Quality
Surface lake water DOC concentration and composition are driven by catchment
characteristics and associated hydrology that influence the production and mobilization of DOC.
Subsequent in-lake processing of allochthonous DOC via photo-degradation, microbial
mineralization, and sedimentation, as well as the contribution of autochthonous DOC, is dependent
on the time water spends in a lake.
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Studies of headwater lakes and small catchment areas have previously been able to explain
variance in surface lake water DOC concentrations between lakes using WRT and drainage ratio
(Engstrom, 1987; Rasmussen et al., 1989; Schindler, 1971). However, for large catchments with
several well-connected lakes, these parameters were insufficient in predicting DOC as these studies
failed to consider in-lake processing of DOC that occurs within the entire catchment (Houle et al.,
1995; Xenopoulos et al., 2003). This research determined the proportion of water within the entire
catchment (%OW) to be an effective predictor variable of surface lake water DOC concentration and
composition, likely accounting for the in-lake processing that occurs across the entire catchment.
Multiple linear regression analyses results identified that %CrWetland, %OW, and isotopic
WRT values are best suited to predict the concentration and composition of DOC in lakes of varying
hydrologic order. %CrWetland represents the amount of allochthonous DOC generated within the
catchment that has the potential to be exported to the lake during high precipitation events. %OW
and WRT represent the extent of in-lake processing that reduces the concentration of allochthonous
DOC, alters its composition, and allows for autochthonous-like DOC to be generated. %OW is more
appropriate than WRT to understand DOC characteristics in large catchments with several lakes as
it accounts for in-lake processing within the entire catchment.
Catchments with a greater proportion of %CrWetland (and less %OW) are more likely to have
lake DOC of higher molecular weight (MW) and aromaticity, often depicted by higher SUVA254 values
(Weishaar et al., 2003). These lake waters are more likely to produce high concentrations of
disinfection by-products (DBPs) when disinfected with chlorine during the drinking water treatment
process. Catchments with higher %OW are associated with DOC composition of lower MW and more
protein-like compounds, that are represented with lower SUVA254 and higher biological index (BIX)
(Huguet et al., 2009). This thesis determined that lake water sources with higher catchment %OW
and lower proportions of humic substances result in lower concentrations of DBPs. However, lakes
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with high levels of autochthonous-like DOC may still result in concerning DBP concentrations (even
at low DOC concentrations) due to the recalcitrance of autochthonous DOC to removal via coagulation
and flocculation processes (van Leeuwan et al., 2005). Therefore, it is important for drinking water
treatment plants to balance DOC removal efficiency (and associated cost) with the disinfection of
harmful microbes, all the while reducing the production of potentially carcinogenic DBPs.
4.4.

Implications of Climate Change on DBPs
Boreal ecosystems are among the northern regions that are expected to experience the

greatest rates of change on the planet due to climate change (Hansen et al., 2006; Kirtman et al.,
2013). The Canadian Boreal zone is expected to experience an unprecedented mean annual
temperature increase of at least 2°C by 2050, with the potential for further increases of 2-3°C by 2100
depending on global greenhouse gas emission management (Price et al., 2013). Impacts such as
higher temperatures, intensification of precipitation events, and increased frequency of floods and
droughts are altering the interactions between terrestrial and aquatic environments, with DOC acting
as an important indicator of the effects that these changes have on ecosystems (Creed et al., 2018).
By evaluating the relationship between DOC and DBP formation potential across a broad spectrum
of lake WRTs, this thesis gives insight into the potential impacts of future changes in lake water
residency and the impact on drinking water quality among the Boreal Shield area.
Warmer air temperatures increase the number of ice-free days and enhance microbial
decomposition rates (Couture et al., 2012; Freeman et al., 2001; Park and Matzner, 2003; Reed et al.,
2018). Increased precipitation is often associated with greater transport of allochthonous DOC to
streams and lakes (Couture et al., 2012). Higher runoff also reduces lake WRT, and hence the amount
of in-lake processing of allochthonous DOC and the production of autochthonous DOC (Algesten et
al., 2004; de Wit et al., 2018). These responses result in higher lake water DOC concentrations of
higher MW and aromatic quality, which have been shown to be the major precursors to DBP
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formation when disinfected with chlorine (Rook, 1977; Reckhow et al., 1990). Also, higher air
temperatures may also allow for more frequent algal blooms, where high levels of autochthonous
DOC result in high DBP concentrations (Gonsior et al., 2019). It is important to be able to predict DOC
quantity and quality of source water in relation to potential production of DBPs for drinking water,
particularly as dynamic ecosystems react to changes in climate.
This thesis shows the predictability of DOC quantity and quality, as well as DBP formation
potential across a gradient of lake WRTs and associated %OW in catchments. This is particularly
important as DOC export and lake water residencies shift due to climate change.
4.5.

Future Research Suggestions
A more detailed analysis of the link between landcover and DOC quantity and quality would

help reduce uncertainty in landcover-DOC estimates. Updated landcover classifications may be
generated using recent 2017 ortho-imagery in the IISD-ELA region. Such data would allow for future
research to focus on how forest and wetland type impact surface lake water DOC concentrations.
Sub-classifications of cryptic wetlands could be further generated with the new landcover data to
identify how forested wetlands versus open water wetlands influence DOC characteristics. It is likely
that forested cryptic wetlands may contribute to higher lake water DOC concentrations and
aromaticity more significantly than open water wetlands that are exposed to photolysis processes.
Warming temperatures are expected to cause an increased occurrence of extreme weather
events where a larger proportion of precipitation is falling as rain (compared to snow) and at higher
intensities (Price et al., 2013). This will alter hydrologic regimes in boreal ecosystems and the
mobilization of DOC to surface lake waters. Lakes with extensive historical DOC data may be related
to landcover metrics to identify if particular catchment characteristics are associated with the
variability in DOC concentration with time. This research predicts that lakes of lower %OW and
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shorter WRTs may show more fluctuations in DOC concentration. Conversely, catchments with
higher %OW and longer WRTs may act as a buffer against large changes in DOC as more in-lake
processing occurs to moderate DOC characteristics. As extreme weather conditions are predicted to
become more frequent, the ability to predict which drinking water sources will be most impacted is
critical.
This thesis used surface lake water samples collected in mid-summer to avoid any seasonal
fluctuations in DOC from major precipitation events. Future research may focus on potential DBP
formation from samples collected throughout the year to determine if there is a significant difference
in DBP production during different seasons. Heavy spring precipitation events are associated with
increased DOC export of high MW and aromaticity, which can increase DBP formation when
disinfected with chlorine. This may be more noticeable in catchments with less %OW and lakes of
shorter residence times if they are more susceptible to fluctuations in DOC.
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Appendix A: Supplemental Figures
Table A1. Sample isotopic WRT calculation of IISD-ELA Lake 377 (Aukes and Venkiteswaran, 2020).
Variable Description
Average atmospheric relative humidity
(decimal fraction)
Isotopic composition of ambient
moisture
Average isotopic composition of
precipitation during evaporative season
Seasonality constant

Variable
h

Calculation
0.693

Reference
IISD-ELA database

δA (‰)

-19.44

Gibson et al., 2002

δP (‰)

-11.81

Gibson & Edwards, 2002

k

0.74

ε* (‰)

10.51

α+

1.01

Aukes & Venkiteswaran,
2020
Horita & Wesolowski,
1994
Gibson & Edwards, 2002

T (°C)
εk (‰)
Ck (‰)

12.2
4.36
14.2

Transport resistance parameter

θ

1

Temporal enrichment slope

m

2.18

Limiting isotopic enrichment

δ* (‰)

1.90

Steady state isotopic composition
(in-field δ18O value)
Isotopic composition of inflow
(assumed source water)
Throughflow index (fraction of total
water lost to evaporation; E/I)
Annual evaporation rate
Evaporation rate of lake surface

δs (‰)

-8.22

IISD-ELA database
Gibson & Edwards, 2002
Araguás-Araguás et al.,
2000; Gonfiantini, 1986
Aukes & Venkiteswaran,
2020
Allison & Leaney, 1982;
Welhan & Fritz, 1977
Gat, 1981; Gat & Levy,
1978
Gibson et al., 2002

δI (‰)

-12.72

Gibson et al., 2002

x

0.20

Gibson et al., 2002

e (m/yr)
E (m3/yr)

0.397
82,253.93

Lake surface area
Lake Volume
Water residence time

SA (m2)
V (m3)
τ (years)

315,900
2,466,000
4.02

Spence et al., 2018
Aukes & Venkiteswaran,
2020
OMNRF, 2014
IISD-ELA database
Gibson & Edwards, 2002

Equilibrium isotopic separation factor
Equilibrium liquid-vapour isotope
fractionation
Average temperature
Kinetic isotopic separation factor
Kinetic constant
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Table A2. Sensitivity analysis of isotopic WRT calculations based on uncertainty in variables.
Variable Description
Average atmospheric relative humidity
(decimal fraction)
Isotopic composition of ambient
moisture
Average isotopic composition of
precipitation during evaporative season
Seasonality constant
Equilibrium isotopic separation factor
Equilibrium liquid-vapour isotope
fractionation
Average temperature
Kinetic isotopic separation factor
Kinetic constant
Transport resistance parameter
Temporal enrichment slope
Limiting isotopic enrichment
Steady state isotopic composition
(in-field δ18O value)
Isotopic composition of inflow
(assumed source water)
Throughflow index (fraction of total
water lost to evaporation; E/I)
Annual evaporation rate
Evaporation rate of lake surface
Lake surface area
Lake Volume

Variable
h

Influence on WRT (+/- yr)
Measured

δA (‰)

Calculated

δP (‰)

0.25

k
ε* (‰)
α+

1.46
Calculated
Calculated

T (°C)
εk (‰)
Ck (‰)
θ
m
δ* (‰)
δs (‰)

Measured
Measured
Measured
Constant
Calculated
Calculated
Measured

δI (‰)

0.45

x

Calculated

e (m/yr)
E (m3/yr)
SA (m2)
V (m3)

1.6
Calculated
Measured
Measured
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Figure A1. Paired t-tests to compare means of isotopic and hydrologic WRT calculation methods
among lakes of different orders. Where p < 0.05, difference in means between methods is significantly
different than zero. Groups of lakes with six or fewer lakes within their catchments have similar WRT
values for both methods. High order lakes (>6 lakes within catchment) have significantly different
WRT values between isotopic and hydrologic calculation methods.
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Figure A2. Linear regression model comparisons of WRT calculation methods and DOC by lake order.
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Figure A3. Disinfection demand of chlorine concentration added to diluted samples to obtain a
residual chlorine concentration of 1 mg/L +/- 0.4 mg/L measured after 24 hours. Circles represent
2017 samples and triangles represent 2018 samples.
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Figure A4. Individual THM species in relation to original sample DOC concentration. Chloroform
contributes on average 98% to the total THM formation in Boreal Shield lakes.
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Figure A5. Individual HAA5 species in relation to original DOC concentration. Trichloroacetic acid
contributes on average 55% to the total HAA5s in Boreal Shield lakes.
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